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RESPONSE OF ROOTS TO MECHANICAL IMPEDANCE

B. J. ATWELL

School of Biological Sciences, Macquaric University, Sydney, New South Wales 2109, Australia

{Received 1 May 1992; aeapuJ in rmstdjorm IB June 1992)

ATWCVL B. J. Rtsfxmsi tfneti It mtehanical imptJanet. ENVIRONMENTAL AND EXPERIMENTAL BOTANY
33, 27-40, 1993.—The response of rood to mechanical impedance has been addressed in the
literature largely from the physical point of view. The properties of soils which cause them to
become impenetrable by roots have been analysed in detail, with particular reference to soil
texture. Factors such as high soil cohesion (in clay soils) and high angle of internal friction (in
sandy soils) contribute to soil strength. However, root growth often involves radial deformation
of the soil near the growing apex, requiring a consideration of soil compression as well. While
soils of all textures can impede row growth, those with high clay content are thought to be most
inhibitory. Predictions of noil strength can also be obtained from penetrometer probes with
different diameters and tip shapes. A precise physical analogue of root growth is not possible but
probes which penetrate soil by deformation around the tip give surprisingly good estimate* of
relatijn soil strength. The capacity of roots to minimize friction with the soil and expand radially
is thought to account for the lower.absolute resistance perceived by roots than by pcnetrt meter
probes. Roots oppose strong soil by forces of osmotic origin acting on both the soil and the
expanding cell walls. The response of roots is, however, poorly understood. Cortical cel^ tend
to become broader and shorter, causing the root axis to thicken. Root volumes and osmotic
pressures change as a result. The rote of ethylene as a mediator of structural changes is in
question. Root (and shoot) carbohydrate metabolism is also changed by impedance in a way that
produces a favourable balance of biomass above and below ground and prevents carbohydrate
deprivation to growing tissues. However, the co-ordination of changes in anatomy and meta-
bolism remains a mystery. The scope for selection of plants tolerant to mechanical impedance is
discussed and there arc reasons tor optimism if new screening criteria are adopted.

Key words: Compaction, eihylenc, impedance, root. soil.

1. INTRODUCTION

THE response of roots to mechanical impedance
has occupied agriculturalist*, plane biologists and
soil physicists for at least the post century. While
our understanding of the complex physical
changes in toils under compression grew through,
out this time, an understanding of root response
lay relatively dormant long after the elegant pion-
eering studies of PFErrER.15*' In the 1950s and 1960s
the groups of TAYLOR in the L'.S.A. and BARLEY
in Australia published a series of landmark papers

on the physics of strong soils and how they are
penetrated by roots and steel probes. This work
laid the foundations for a flow of later papers,
which have refined our quantitative predications
of root growth during impedance. ~!| The physi-
ology of roots growing in impeded conditions is,
however, only vaguely understood. There are dis-
parate and contradictory reports on the anatomy,
hormone physiology and carbohydrate metab-
olism of these organs and a cohesive description
of the biology sail eludes us.

This review gives an overview of the soil factors
27
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which impose mechanical impedance on roots
and how resistance is best measured. This aspect
is covered very briefly and the reader u best
referred to the excellent review by BARLEY and
GREACEN."* Later reviews by GREACEK'**' and
BENWE"' also give comprehensive accounts of
root growth in strong soils. The response of roots
to impedance is then discussed, with the hope thai
a biologist's view on the subject might give useful
indications offcrdlc new ground for research. Fin-
ally, attempts to find genetic variation in plant
response to strong soils are appraised.

2. THE MORPHOLOGICAL RESPONSE OF
INDIVIDUAL ROOT AXES TO

MECHANICAL IMPEDANCE

Optimal root growth requires an uncon-
strained pathway through the void space of the
soil. The negative impact of soil compaction on
root elongation is well documented112-66' but there
is considerable variation between individual
reports on the degree of the growth response.
Comparisons between experiments are generally
inconclusive unless they take into account other
factors such as the plant species (sec Section 5),
soil moisture, temperature and texture"*1 and
root diameter (see Section 3.3).

Figure 1 gives an impression of the inhibition
of root growth in cases where soil strength has
been estimated with a penetromctcr probe (see
Section 3.21. In all cases reported here and else-
where in the literature, strong soils inhibit the

100

80

ratsura (MPo)

FIG. 1. Relationship between the relative root length of
70-day-old maize, cotton, wheat and groundnut planes
and pcneu-ometcr pressure. Reprinted from BtNNtt'"1

(p. 403} by courtesy of Marcel Deleter, Inc.

extension of primary roots. However, there are
few reported cases of soil compaction completely
preventing root extension120' and penetrometer
resistances as high as 6 MPa did not prevent
the continued, albeit slow, elongation of roots of
peanuts (Fig. 2).

The agreement between different experiments
is very limited, but Fig. 1 shows that commonly
encountered levels of mechanical impedance (> 2
MPa) are likely to reduce total root length and
root elongation rate by at least 50%. These data
help illustrate the potential impact of soil com-
paction on root development under field con-
ditions. More studies in which soil conditions
and plant species arc varied methodically would
help reveal the impact of individual factors on
growth responses to mechanical resistance. For
example, WARNAAKS and EAVIS'" looked at the
effect of particle size on growth of roots through
sand. In addition, an assessment of the genetic
variation in root tolerance to compaction under
a single soil regime has been reported.14'1

The response of root morphology to mech-
anical impedance is complex. The inevitable
decrease in elongation of impeded roots is often
accompanied by thickening (radial expansion) of

F*«tran*ta-

Fio. 2. Elongation rates of primary roots of cotton (O)
and peanuts (A) growing for a period 40-80 h after
traniplanring in foils compacted to different degrees at
a range of water contents (3.ft-7.4% H,O). Repro-
duced from TAYLOR and RATUFF"" (pp. 400-401) by
courtesy of the American Society of Agronomy, Inc.
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the root axe*.'4-13-24-*'-60-74' The degree of thick-
ening of the root, like the elongation rate, depends
on the particular experimental conditions. For
example, radial thickening in response to soil
compaction varied from ca 15%'4|I4) to 30-
r20%.1471 Specifically, roots of pea thickened in
response CO mechanical impedance by as little as
15% in EAVIS' study"41 but more than 100% in
MATERECHERA ti a/.Y47> experiment. The
extreme inhibition of axial growth found by
MATERBCHIRA it al. (93%) compared to that
observed by EAVIS (60%) might go some way
to explaining these dramatic differences in root
thickening.

While expanding and mature root tissues are
thicker in many cases where roots are constrained,
the apex is relatively unaffected and tapers in a
manner typical of unimpeded roots. A!WiM> Finely
tapered root apices might evade the resistance
imposed by soil aggregates and penetrate soil
pores more readily1"1'*' (see Section 4.1). The
potential for friction between such tapered apices
and soil particles will be dealt with in Sec don 3.2.

Total root volume (and therefore mass) is not
necessarily reduced by soil strength because the
shorter root axes are often proportionately
thicker.1" In cases of more severe impedance,
however, the volume of radicles is sharply
reduced. '**>

3. STRONG SOILS AND THE FORCES
WHICH ROOTS EXERT ON THEM

Root growth through a granular matrix such
as soil involves the resolution of a number of
forces. The physics of root growth (axial and rad-
ial stresses) must be considered alongside the com-
pression and failure characteristics of the par-
ticular soil in order Co generate a quantitative
prediction of stresses on roots during mechanical
impedance.1"' To further complicate matters, the
factional interaction between the root and soil
must be considered, in spite of few data being
available on the surface characteristics of the
growing roots. Efforts to make a quantitative
analysis of root growth pressures go back to

classical studies on Vicia and maize
roots'4"' and can be traced forward to the recent
literature.1 "-"•Z6JO-49) While the techniques for
measuring the physical forces exerted by roots

have changed little, the mathematical solution of
the process has been developed to a point where
fixed general relationships might now be applied
through models. (**J*J7) Some elusive issues which
remain arc the biological response to mechanical
impedance (i.e. the extent to which roots respond
to soil strength) and the physical interaction
between the root surface and the soil particles,
particularly with respect to the lubricating action
of root exudates.(20) These factors are probably
largely responsible for the remaining dis-
crepancies between estimates of mechanical
impedance using probes and observed root
growth rates.'16'501 For example, the possibility that
roots can evade zones of compaction by sensing
the existence and position of void spaces (tre-
matotropism) has been addressed'221 but has not
been resolved at this stage. There is a possibility
that roots very close co soil pores in a hard soil
can sense (he position of the pore and grow
towards it.1"1 Artificial soils might not be an ideal
system in which to identity this phenomenon, par-
ticularly while the chemistry of the putative signal
molecule is unknown. Such a molecule is likely co
be of biological and possibly microbial origin, and
therefore might only be observed in undisturbed
systems.

3.1. The soil
While high soil strength is the direct result of

the physical state of the undisturbed soil, its exis-
tence is best denned as a reaction of the soil to forces
exerted by che growing plant,'11' in this case, the
root. This empirical and, for the soil scientist,
more obscure definition leaves the alternatives of
a bioassay for soil strength (penetrability of soil
by roots) or the generally preferred option of steel
probes which approximate the axial thrust of a
plant root.

One widely observed characteristic of strong
soils is the decrease in void space (increase in bulk
density) which arises from the close packing of
the soil particles.13'15'431 While an increase in bulk
density is not universal in strong soils,'2'31 it is
likely that the physical compression of soils by
heavy equipment leads to many of the field prob-
lems with high soil strength."7'"'34'75'

further compression of soils by roots is likely
to occur, at least in localized zones (millimetre
scale) adjacent to the growing apex;"51 this is most



ftLJG-30-1999 16:27 Linda Hall Library 816 926 8785 P.07

30 D. J. ATWELL

conveniently considered as a zone of plastic failure
adjacent to [he root surrounded by a zone of
elastic failure. (!I7-5I) When the packing density is
low, or the void spaces between aggregates are
largc,IIilM; there is not likely to be a lot of re-
orientation and compression of soil parades by
the roots. The general (Coulomb) equation used
to describe the shear failure of a soil undergoing
little or no compression is:

where s,. is shear strength, f is cohesive strength,
ffu is the normal load and <f> k the angle of internal
friction. This equation cannot be applied to all
soil-rant interactions and often requires a
measurement of compressibility as well as c and
(p. '*• For example, values of <t> greater than 35"
(high internal friction as found in sands) arc likely
to confound the analysis of shear failure. In
general, the high compression index (case of com-
pression) of clays suggests that they readily
become impenetrable;'™' this is consistent with
the relationship describing high clay soils as hav-
ing a greater propensity 10 stop root growth'*""
and penetration of probes.i"1'"l) However, sands
with higli internal friction can also present high
shear strength and a mechanical barrier to root
growth.J-'1 Generalizations on soil texture arc
not necessarily relevant to all soil-root com-
binations and might break down for particular
plant species :'with characteristic root shapes, rhi-
zosphcrc chemistry, etc.) or mineralogical classes
(e.g. hard-setting metal-hydrous oxide coaled
sands). The common approach to estimating soil
strengih is to drive a steel probe of some known
dimension and tip shape into soil, thereby deriv-
ing a pressure, usually quoted as pcnctrometer
pressure or point resistance (y,.).

3.2. Do probes giat a «ood estimate of iht mechanical
imptdantf pcrctivtd by roots?

An analysis of the penetration of soils by probes
has been discussed in detail elsewhere.'*^1' How.
ever, it should be said that the penetrometer
probe, while only constituting a simulation of the
growing root, often gives data, which correlate
well with the soil strength perceived by roots in a
relatively homogeneous matrix."*1 For example,
EAvis'24' and GREACEN and OH'"' found that pea
root extension was inversely related to pen*

etrometer resistance, while BENNIE and BOTHA" >:

and ATWELL131 found that field sites with high
penetrometer resistances were also characterized
by slow root extension in cereals. These effects can
confidently be ascribed to mechanical impedance
rather than poor aeration on the criteria denned
by EAVK(Si| and WARNAARS and EAVIS;"' The
potent interaction between soil compaction and
aeration should be borne in mind when the
response of roots is being analysed.'""

COCKCROFT tl al.'*" showed experimentally
that the point resistance (qv). which is derived
from the resistance to penetration and probe
dimensions, is inversely relaicd to radicle elon-
gation. They also showed thai a decreased voids
ratio was associated with stronger soil and sup-
pression of radicle elongation. In this case, a probe
with a 60* tip angle gave an impressive cor-
relation with root growth as the soil was increas-
ingly compacted.

Special mention should hr madr of soils where
the deviations between penetrometer readings
and the resistances perceived by roots are likely
to be most exircmc. Aggregation is common in
soils where the clay content exceeds 8—10".0; the
formation of aggregates is sought as desirable for
the structure of agricultural soils. The formation
of large, stable aggregates often leads to an
increasing overestimate of the- soil strength by
penetromeier probes; the ratio between pen-
etrometer pressure and root growth pressure rose
from 1.8 lo 3.8 over the range of increasing aggrr-
gate size used by MISRA el al.'M This implies
that noil amelioration which leadN u> better root
penetration and drainage properties might not
be reflected in smaller penciromcicr resistances.
Roots can grow along the boundaries between
peds, thereby avoiding the resistance to pen-
etration oCihe bulk soil."5-16'

Another source of variation between probes
and roots is the existence of friction between the
soil particles and penetrating shaft. This friction
is a composite of factional resistance to soil pen-
etration by the tip and drag due to the curved
exterior of the root (skin friction). The exact
degree of friction between the root and soil cannot
yet be measured directly. Ingenious attempts to
quantify skin friction" 5i20-M'' give some estimates
of the total frictional resistance to extension. A
strong case is made that friction between steel
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probes and the soil far exceeds that between root
and soil(sd> and this explains much of the dis-
crepancy between penetration of soil by blunt
probes and roots.(S" This needs to be confirmed
over a wide range of conditions and root mor-
phologies.

It is conceivable that roots have evolved fea-
tures which minimize the friction with soil. In
particular, the zone of elongation in most roots is
small (5-12 mm), meaning that skin friction is
experienced over a short section of rapidly
expanding tissue (see Section 3.3). A further com-
pression of the zone of elongation in response Co
mechanical impedance3J| inevitably reduces the
friction perceived by the root. Such roou show a
proliferation of root hairs near the tip.'3"1*1 These
hairs help anchor the non-growing portion of the
root while ihe diminished zone of elongation finds
a path through the soil.1*4' The shorter zone of
elongation and diminished root meristem in
mechanically impeded roots'"' might allow roots
to react more sensitively and grow into the avail-
able soil pores. ;">'z:'7" Finally, increased exu-
dation of lubricating muctgels in response to
mechanical impedance would reduce further the
impact of skin friction. A number of biological
approaches to the issue of soil-root friction are
possible. Root mutant*, particularly those with
altered ap«x shape or root hair density, might be
a useful tool to vary the magnitude of soil-root
friction without changing other root properties.
Characterizing the viscous properties of mucigeb
and the suppression of synthesis of mucilagenous
agents (e.g. waxes and extracellular glyco-
protcins) by molecular techniques would help
to address the impact of soil-root friction from u
biological point of view.

Even if soils arc finely structured and soil-root
friction is small, blunt probes have been shown to
deform soil in a manner different from roots.'101

Pcnetrometer probes commonly have a 60° angle
(30° semi-angle) at the tip of the shaft, with the
result that they deform die soil 'spherically', char-
accerized by a re-orientation of particles near the
tip of the probc.lW1 On the other hand, root apices
are more tapered and root axes thicken in
response to mechanical impedance (see Section
4.1), with the result that the radial stresses pre-
dominate as roots penetrate the soil. Roots there-
fore cause a 'cylindrical' failure of the soil followed

by axial extension into the zone of weakness
formed in front of the root cap. This model has
received wide acceptance over the past 25
years."'201 Probes with finely tapered tips deform
soil 'cylindrically' like a root, but such probes
bring new problems because of the increasing
amount of probe-soil friction as the tip becomes
more acute.136' Tapered probes (e.g. 10") can
nevertheless give more satisfactory estimates of
soil strength than blunt probes.''0'

The lower pressures required for 'cylindrical'
than for 'spherical' penetration of soil1' arc
especially significant in cases where the internal
friction «t>) is large (sandy soils) and the root
apex encounters high friction. |J It has not been
demonstrated directly chat the lower pressures
required for cylindrical compression of the soil
translate to a saving in metabolic • osmotic
energy by the root. Again, root morphology
mutants which have constitutively different axis
diameters and root lip morphologies rnighi reveal
differences in extension rate per unit of osmotic
pressure (axial extensibility). The smaller load
opposing axial root extension which results from
'cylindrical* compression of the soil might.
however, be achieved only through greater root
diameters, which would dilute the incoming
osmotic solutes. This would in turn annul some
of ihc energy savings of a 'cylindrical* pattern of
soil deformation by requiring increased rates of
solute import (see Section 4.3).

The easier penetration of soils by roots than
probes is widely acknowledged. EAVTS"' esti-
mated the stress required to drive a probe inio
compacted soil was four to eight times that
required for the root to penetrate the soil, in spite
of the dimensions of both being similar. STOLZY
and BARLEY'**' showed a much smaller difference,
but their data still confirm that roots penetrate
soils easier than probes. Much of the variation
between probe and root resistance is thought to
be due to clay content of soil.1"1 This discrepancy
in resistances is reflected in the observations that
roots elongate in soils with peneirometcr resist-
ances of 3.0 MPa,"*1 while the root turgor (or
osmotic) pressure driving growth is less than 1.5
MPa.»m

3.3. The txertion ofprtssure by roots
Root cells grow by exerting turgor pressure on

die visco-elastic cell waJls in the zone of clonga-
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lion. This pressure is normally opposed by the
wall pressure, generated presumably as the bonds
within the walls develop tension. However, in
compacted soil, the solid matrix adjacent to the
roots adds an additional pressure to the wall
pressure which opposes turgor pressure. This
additional pressure diminishes the effective turgor
pressure and suppresses cell expansion. These
variables can be described by the equation:

/ > = - ( H ' + < 7 ) (2)

where P *= turgor pressure, W — wall pressure
and a =• the pressure imposed by the soil matrix
on the root.' The implication of this equation is
that W, like /*, has a single value for any indi-
vidual cell. In fact, H'is different for the longi-
tudinal and radial walls of an elongating cell and
hence the expression of P is different in the axial
and radial directions of root growth. The import-
ance of distinguishing between axial and radial
groxvth pressure was recognized by PFEFFER"*'
who made accurate estimates of growth pressures
in Viria and maize roots. The pressures PFEFFKR
calculated, by measuring forces and rooi cross-
sectional areas, were in the range 0.7-2.5 MPa
axially and 0.4-0.6 MPa radially,"01 whereas the
estimates by MISRA ti a/.1'"1 suggest that radial
pressure in three species exceeded axial pressure.
The reason for this discrepancy might be the plant
species tested, although this is unlikely. MISRA el
al. used cylinders of chalk to estimate the radial
pressure exerted by roots as opposed to PrrrrER's
plaster of Paris blocks. The diffusion of gases
through the constraining materials might not
have been the same, leading to differences in the
flux of cthylene from thr root and modified rates
of lateral swelling (see Section 4.2). This would
influence the estimates of radial growth pressure.

Whether the radial pressures are greater or less
than the axial pressures in impeded roots, the key
issue is that radial pressure? are exerted over a
large area compared to the point impact of the
axial forces. For example, BARLEY and GRE-
ACEK"*' calculated that the radial and axial pres-
sures reported by PUFFER'*' in Vieia roots exert 5
and 0.3 kg wt offeree in the respective directions
along a 4 cm length of root. A significant radial
force might not be exerted over the entire 4 cm
section of root, considering that the thickening
of roots is often localized near the apex'5' and

expanding tissues (less than 1 cm long) are likely
to be the main source of plastic compression.
However, even moderate radial pressures are
doubtless of great significance in causing soil
deformation adjacent to the zone of elongation
and relief of resistance to axial growth. The cor-
ollary was confirmed .by ABDALLA et al.(}' who
showed that the resistance to radial expansion by
roots was at least 50% Jess than resistance to axial
extension.

4. HOW ROOTS RESPOND TO
MECHANICAL IMPEDANCE

The physiological changes which occur in room
(and emerging shoots) during and after exposure
to mechanical impedance are less thoroughly
documented than the physics of root-soil inter-
actions."61 Some reasons for this were expressed
by BARLEY''*' and they remain largely valid. BAR-
LEv"3! reported some of the anatomical changes
in roots, realizing thai the forces required for
growth depend on the root dimensions as much
as turgor pressure of the apical tissues. The
responses of individual cell types to mechanical
pressure and llir consequences for rooi mcuib-
olism arc still poorly understood. Belter infor-
mation on aspects of metabolism such as
exudation, assimilate use, ion transport, plant
growth regulators and cell wall rheology will give
insights into both the physics of root growth in
compacted soils and ihe consequences of restric-
ted root growth on whole plant performance.

4.1. Anatomy
A recurring conclusion from experiments on

mechanically constrained roots is that the diam-
eter of the impeded root axes increases compared
with unimpeded cmirols.fWIJO'AMUC7i BARLEY1'13'
showed that the application of pressure to devel-
oping 1 cm root apices was necessary to elicit the
commonly observed changes in root dimensions.
Tissues appear unable to thicken in response
to mechanical impedance once primary growth
has ceased. This increase in the diameter of
impeded roots (and compressed emerging
shoots)1601 is generally accompanied by a decrease
in elongation. There is no evidence that the two
responses can be uncoupled in an impeded
system, suggesting that there is a unique signal
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leading to the production of short, thick roots.
Alternatively, the radial swelling of roots might
be a secondary response to reduced longitudinal
growth through a re-orientation of ceil wall micro-
fibrils to a more vertical pitch."*1 The mech-
anisms leading to this gross morphological change
arc only likely to be elucidated through a union
of hormone physiology, cell wall ultras true tural
studies and water relations. Recently developed
Arabidopsis mutants which have naturally radially
chickened roots might be useful in these experi-
ments.

The general view chat roots chicken in response
to mechanical impedance depends on the dimen-
sions of the soil-root system. While major root
axes (e.g. seminal roots) thicken in a compressible
matrix where pores are coo small for root pen-
etration, there Ls a large number of finer lateral
roots capable of penetrating soil pores of 0.1-
0.5 mm diameter. Goss;38) manipulated the size of
glass ballocini to show chat primary laterals of
barley were able to enter relatively fine pores
(160 urn diameter). This observation underlies a
paradox in root response to mechanical imped-
ance. ROOM which are too chick to find a tortuous
path between packed soil particles are likely to
find an easier passage through the soil by expand-
ing radially and filling the soil a.xially. However,
ihosc roots fine enough to penetrate the soil pores
will not improve their passage through the soil
by thickening and might indeed hinder it. The
suitability of wheat to 'non-tilled soil'1"1 might
owe more to this phenomenon than the pressures
generated by root apices. Anatomical studies on
the capacity of lateral root tissues to alter cell
shape in response to impedance are called for.

In major rout axes where the root cortex thick-
ens in response to mechanical impedance, the
stele is often unresponsive.1*-1-6'•*•'' The main evi-
dence to the contrary comes from WILSOM tt a/.'761

who showed chat barley roots grown in ballotini
had altered cortical and stelar dimensions, with
the diameter of the stele being greater in the ter-
minal 4 cm of chc impeded roots. These data are
based on distance from the apex, however, and
therefore do not consider effects of tissue age.
BzNNiiJS) also quotes a case of altered stelar
dimensions in three crop species during imped-
ance of the roots; together with the data ofWiuoN
ti a/.'7* this suggests a need for further inves-

tigation. SCHOLEHELD and HALL<£" ingeniously
grew ryegrau roots through rigid pores of known
dimensions and found that the ability to penetrate
pores depended on the size of the root cap and
stele rather than the diameter of the entire root.
Whether the size of the root tip dictates the pore
size through which roots grow,'741 or the stele, is
not certain. However, the experiment docs show
that roots can grow through rigid pores without
an increase in diameter of the stele. It is interesting
to note that mature cereal roots in the field slough
off the cortex in response to ageing-W) or drought
(unpublished data). One role of the cortex in
immature root tissues might be to generate radial
pressures and thereby create a pathway for root
growth. The cortex would, from this point of view,
become superfluous after root maturation.

The radial thickening of cortical cells is there-
fore probably a targeted response, leading to the
yielding of the radial and tangential cell walls.
The increase in cortical thickness is at least in
part the result of greacer cell diameters.'*1'3'24-76'
However, this increase in cortical cell diameters
is often compensated for by shortening of the long
axis of cells, resulting in an unchanged1'9' or
slightly reduced'*1 conical cell volume in impeded
roots. The inverse relationship between cell
length and breadth is illustrated in the data of
EAVJS,'"*' although cell dimensions were not deter-
mined directly and unconfirmed assumptions
were made about cell file numbers.

There is more information on the shape of
differentiated cells than the race of production of
new cells by impeded roots. The physics of root
growth suggests that chc cells of the not meristern
might be relatively protected from mechanical
pressure, therefore implying that cell division
responds less to mechanical impedance than cell
expansion. There is some evidence to support this
view. SCHUURMAN tt a/.(w; claim that the number
of cells was not reduced by impedance while cell
length was reduced. It is not clear whether both
the number of cell files and total cell numbers
were equally insensitive to impedance. EAVIS;U)

showed a modest drop in the number of vacuo-
lated cells in response to soil strength but no sig-
nificant change in the number of non-vacuolated
(metistcmatic?) cells. The latter might simply
suggest that there were more inactive, non-vacuo-
lated cells in chc impeded roots. The indirect
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methods of estimating cell dimensions'14' limit the
interpretation of the data. From the values given,
it can be shown that an impedance of ca 34 g wt
resulted in a reduction ofea 40% in both number
and length of vacuolated cells. This implies a
potent effect of mechanical impedance on cell
production and elongation. However, the abrupt
confrontation of the pea root with a mechanical
resistance and the short duration of the treatment
(24 hr) compared with the cell cycle of at least
12 hr'6*' calls for a similar test over a long period
of steady-state impedance. In the studies of BAR-
LEY'"' and ATWELL(S> the reduction in root elon-
gation rate was approximately matched hy the
reduction in longitudinal cell length, suggesting
that there was little effect of mechanical imped-
ance on tlit number of transverse cell divisions.
The evidence for an increase in the number of
conical cell files'I3'7<:'' in mechanically impeded
roots suggests thai any decrease in the flux of cells
into individual files might be compensated for by
a small increase in the number of cell files, in
roots of lupin, however, there was no increase in
conical cell file number." It is proposed thai
the merixtem and process of cell proliferation an-
more affected by signal inmsduction in the ryoi
(from the zone, of elongation perhaps) than by
a direct effect of physical pressure. The lag in
recovers' from mechanical impedance'" indicates
thai die mcristcm is suppressed for days after
impedance, cither through changes within tlic
apex or signal transduction from other tissues.
Much more work is needed to pui this issue on
solid ground.

4.2. 1'lanl growlh regulators
After some years of speculation thai clhylcne

mediates the swelling of mechanically impeded
roots. KAYS el a/.'41' reported that 1'lcia roots
evolved etliylcne at about six times the control
rate when they grew against a mechanical barrier.
They cautiously suggested thai cthylcnc was a
growth factor in mechanically impeded roots,
causing radial thickening of the root axes. This
view was reinforced by the observation that
restricted cpicoryls of pea also thickened and
evolved ethylene at an increased rate.'31' This led
to continuing speculation that ethylene, and pos-
sibly auxin,'yj: were responsible for the gross mor-
phological changes seen in impeded plant roots.

The issue remained in abeyance until the late
1980$ when WHALEN,'"' Moss et al.(m and SAR-
£Uis tl al.lm published on the role of ethylene in
regulating the morphology of mechanically
impeded roots. WHALEN"" grew roots against a
barrier, imposing a brief period of axial resistance
on them. Why the rates of ethylcne evolution did
not rise transiently in response to this, as it did in
KAYS el aA's'"1 experiment, is not clear. It would
need to be established that the oxygen status of
the chambers was adequate before the ethylenc
evolution could be ascribed directly to mech-
anical impedance. Accumulation of the ethylene
precursor, ACC, is reminiscent of a block in its
conversion 10 ethylene hy anoxia. Furthermore,
the. rise in cthylcnc production brought about at
the moment of contact with the barrier might
have been transient for each individual root axis
and difficult ir> quantify.

Moss el a/.1''1"' used inhibitors of cthylcnc action
and synthesis to manipulate endogenous rili-
ylene produced during mechanical impedance.
They found that maize responded to the packed
matrix of ballotini by growing shorter, thicker
roots and evolving clhylcne faster. Similar root
morphology could be induced by supplying
exogenous ethylcne. However, the addition of 2,5-
norbornadicne. a volatile inhibitor of cthylcnc
action, reversed ihe effect of exogenous ethylene
by making roots longer and thinner but did 1101
affect the dimensions of mechanically impeded
roots. The same unexpected result was observed
when aminoeihoxyvjnylgJycine (AVG) was
added to inhibit cihylcnc synthesis. These data,
together with ihr boo.il in endogenous ethylenc
production after th«* onset of root morphological
changes, suggest that ethylene was not the causal
factor in root thickening. SARQUIS et a/.'6" found a
very different result. F.thylcnc evolution increased
rapidly with the onset of mechanical impedance
imposed on maize seedlings in a triaxial cell. The
removal ofimpedance caused a decrease in ethyl-
cnc evolution. This showed that endogenous
ethylenc could be produced in a sufficiently
responsive manner to trigger the morphological
responses to impedance. A range of inhibitors of
ethylene action and synthesis were tested to find
a combination which was successful in reversing
the morphological effects of mechanical imped-
ance on roots and coleoptiles (decreased elon-
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gadon and radial expansion). It is unclear why
these data diverge so strikingly from those of Moss
tt a/.<«> The modest success of AVG and silver
thiosulphate in reversing die morphological
effects of mechanical impedance,(<0> while 2,5-
norbornadiene and AVG alone failed to do so,'52'
can best be ascribed to the characteristics of the
different inhibitors. Rates of penetration of inhibi-
tors are always a potential problem and the par-
ticular success of AVG and silver thiosulphate
combined suggest that they were able to block the
effects of cchylcne before any cytological changes
were set in train. The longer term nature of
die experiment by MO.IS el a/.'521 might have
allowed other plant growth regulators, such as
auxin, to begin 10 exert an effect. Auxin has been
considered as an agent in altering the morphology
of mechanically impeded roots/4*1 either through
a direct effect or via a secondary stimulation of
ediylcnc synthesis.1141 If cthylene were to be ruled
out as an agent in root thickening, it would have
to be confirmed that both wound ethylene and
auxin-induced ethylene arc susceptible to inter-
ference by 2,5-norbornadienc and AVG.

The levels of plant growth regulators have
not been thoroughly measured in mechanically
impeded roots. LACHNO m <z/.'41> and Moss el a/.'52'
found that abscisic acid did not increase in mech-
anically impeded roots of maize. ATWELL and
HENSON (unpublished data) found a decrease of
40-70% in the abscisic acid level of 5 mm lupin
root apices after a long period of mechanical
impedance. This weakens die case for abscisic
acid as an agent in the response of roots to mech-
anical impedance, although low concentrations
of abscisic acid might be expected in slow-growing
roots.'1"

4.3. Aaimilatt import and utilization
The metabolism of impeded roots is a subject

which deserves more attendon but is, to date,
largely unexplored. There are two principal
reasons for investigating this issue. Firstly, the
generation of osmotic (therefore turgor) pressure
for growth against strong soil relics on the depo-
sition of high concentrations of solutes, a large
proportion being small organic molecules such as
sugars.'4' While the magnitude of the wall
pressure, and hence the rheological properties of
the cell walls, arc no doubt important deter-

minants of root growth pressure, it is also critical
for the elongating tissue to import osmotic solutes
continuously as a source of turgor pressure.'17'

Secondly, die use of assimilates by roots in com-
pacted soil is relevant to the overall carbon econ-
omy of the plant because roots arc a major sink
for assimilates early in crop development.'J8-43> If
large amounts of assimilates are required for roots
to penetrate strong soils, there is potential for a
commensurate down-regulation of shoot growth.

The only reports of the assimilate levels in freely
growing vs restricted roots show that the carbo-
hydrate levels increased in response to increasing
impedance. Although BARBER and GuvN101 did
not tightly pack the balloiini through which their
roots grew, the carbohydrate levels were at least
20% greater in the entire root system. The differ-
ences might have been greater near the apices.
ATWELL" took wheat roots from field sites which
had been loosened mechanically or remained
compacted. The soluble sugar concentrations
were always higher in (issues of the same age
when elongation was mechanically i npcdcd. The
reverse was true for soluble amino acids. MASLK
tt a/.;45) also grew seedlings of wheat in compacted
and loose soil, showing large increases in soluble
sugar concentrations in roots which were mech-
anically impeded. Therefore, sugars accumulate
generally in response to soil compaction and thereby
contribute to turgor pressure.1"' The cost of
this increase in soluble sugars appears to be less
rapid expansion rates,143' providing the condition*
for solute build-up. There is a strong case to look
at assimilate import into root growing zones in
relation to growth, in a similar way to that in
draughted roots.'M> The characteristic swelling of
impeded roots would provide an interesting com-
parison with the thinner roots produced during
water deficits.

The metabolism and growth of roots which are
mechanically impeded are greatly perturbed. This
is supported by "C transport and carbon budgets
on wheat seedlings in the field.171 One day after
labelled carbon was applied to the shoots, the
label was concentrated in the terminal I cm of the
unimpeded seminal roots, while slower growing
impeded roots had label more evenly distributed
throughout the terminal 5 cm. Furthermore, the
total amount of label reaching the apices of un-
impeded roots was three-fold greater than in roots
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from compact soil."1 The rapid growth of un-
impeded seminal roots (1.78 vs 0.60 cm/day) was
presumably responsible for the rapid assimilate
import by the growing cells. Respiration rates
were also elevated in these fast-growing I cm
apices.1'' However, when the growth rates of root
axes were taken into account, a unit length
increase in impeded roots required about twice as
much carbon as the same extension of an unim-
peded axis."' This estimate is necessarily approxi-
mate but serves to illustrate the perturbation in
carbon metabolism which mechanical impedance
brings about. There appears to be a reduced sink
strength (demand for assimilates) in impeded
roots'11' rather than an increased allocation of
assimilates into osmotic pools."' One could specu-
late that the major response of roots to mechanical
impedance is a radial swelling brought about by
differential loosening of cell walls, rather than a
large re-direction of assimilates into osmotic pools
by active transport. It might be that solute im-
port into growing apices cannot be further dere-
prcssed in response to mechanical impedance and
therefore osmotic adjustment is only achieved by
a decrease in growth raw.1'**1'' Studies of local
solute deposition will help resolve this as it did in
the case of draughted maize roots, where solute
build-up was shown to be partly due to changes
in tissue expansion rates.'**1

The amount of carbon exuded by roots growing
in compacted soils has been the subject of much
speculation but the issue remains largely uncon-
taminated by facts. While carbon exudation
increases in some cases (e.g. cereals in sterile bal-
lotini beads)w and not others (wheat roots in
packed soil),1'1 there arc difficulties in establishing
the phenomenon in the field, where it is of most
ecological and agricultural interest. The estab-
lishment of mycorrhizal associations and com-
petition with developing shoots for carbon arc-
two such issues of intercut. The technical problems
arise principally from an inability to separate the
metabolism of exudates by rhizosphere microflora
from carbohydrate metabolism in the root;
respired carbon can be derived from either source.
Sterile systems help overcome this issue"0' but
might still be confounded by spurious estimates
of root respiration.(M) No data are available on
the influence of soil strength on rhiiosphere
microbiology, or how the microflora, in turn,

influence root growth and function under these
conditions.

The carbon metabolism of shoots of plants with
mechanically impeded roots has received little
direct attention; some of the possible causes for
decreased shoot growth are outlined by MASLE
and PASSIOURA,' ' among them the deprivation
of carbohydrates to the developing leaves as roots
compete for assimilates. Indeed, the greater root:
shool ratio sometimes reported in mechanically
impeded wheat seedlings is consistent with this
notion.'441 However, it appears that young seed-
lings have a complex series of responses to strong
soils such as reduced transpiration and increased
phouuymhctic capacity.1**1 The result is that
sufficient assimilates reach the roots'4*' and
shoots'*'4*' of plants growing in strong soil, thereby
establishing a new shoot-root equilibrium appro-
priate to the diminished function of the roots.
MASLE el a/."*' showed that both shoot and root
tissues of wheat seedlings grown in compacted soil
were richer in carbohydrates than tissues from
loose soil. This rclatioaihip was independent of
the ambient CO, level and phocosymhctic rate.
This indicates thai the rate of growth was con-
trolled by factors other than assimilation rate. A
modulation of shoot growth in response to dimin-
ished root growth has also been identified when
rooting volume was restricted while water and
nutrient levels were high.'48' Under normal field
conditions, there is an increased allocation of car-
bon to shoots as the cereal plant matures.'31" It is
not dear in the case of mechanical impedance
whether this shift in resource allocation to shoots
can be sustained by the compromised root system.
An increasing likelihood of drought is one possible
consequence of the ontogenetic shift in carbon
allocation, particularly if loial transpiration con-
tinues to increase over time. However, the respon-
siveness of shoot growth"''4*' and water-use
efficiency'**- to mechanical impedance imposed
on seedlings suggests that the physiology and
development of the whole plant might be well
adapted to strong soils. "8) This needs to be tested
in longer term experiments.

5. GENETIC VARIATION IN THE
RESPONSE TO MECHANICAL IMPEDANCE

TAYLOR and GARDNER'"' looked at the ability
of roots to penetrate soils, based on the root
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dimensions. This was extended to a number of
classical studies on the ability of roots, par-
ticularly of cotton and peanuts, to penetrate hard
soil(M) (cf. Fig. 2). There were marked differences
between these two species in the root elongadon
rate and root growth pressures generated."71

However the capacity of roots 10 grow through
strong soils relative to loose soils might vary more
with differences in the number of root axes (mon-
ocots vs dicots) than intrinsic properties of indi-
vidual axes/'*1

While it is appreciated that root dimensions,
especially radial thickening, play a major role in
determining the pressure exerted by roots in a
densely packed matrix, this has not been widely
exploited in interspecific comparisons. A recent
survey of eight monocot and 14 dicot species by
MATERECHERA el o/.'*7) showed a great deal of
interspecific variation in root diameters with an
impressive correlation between the ability co
elongate in hard soil and root thickness. Fur-
thermore, chc tendency of roots to swell in
response to mechanical impedance also correlated
with capacity to elongate in strong soils. This
illustrates the power of simple measurements like
root diameter in understanding mechanisms and
providing manageable selection criteria, in this
case for ability to penetrate strong soils. Similar
screening experiments in solutions of high osmotic
pressure might even lead us to useful species
rankings for tolerance to soil strength.'^

A survey of the osmotic pressure of root apices
along these lines would be salutary and with
modern osmomecen, relatively simple. Early
studies'11' show that the difference between species
might be in the order of 0.2-0.3 MPa which is
a readily detectable difference. This approach gives
only one variable in the growth analysis. The
threshold pressure at which cell walls begin to
yield to turgor prcwure'1" remains a major
unknown in the growth equation. Threshold tur-
gor pressure can only be determined in a more
comprehensive experiment in which P and ff [see
Equation (2)] have been measured over a wide
range of soil strcngdis."71 This it beyond the scope
of a simple screening, but might be of interest in
cases where theory predicts differences in both
wall yielding properties and turgor pressure, for
simplicity, the values of osmotic pressure might
be easier to interpret if measured in unimpeded

roots because increases in osmotic pressure by
mechanical impedance would not be confounded
by differential rates of volume expansion in vari-
ous genotypes (see ATWELL) ,(4> Screening simply
for osmotic pressure under optimal conditions
(reflecting import of solutes) is more likely to give
heritable differences in tolerance to mechanical
impedance.

Shoot growth and yield components are also
susceptible to the effects of soil compaction. A
genetic analysis would be most profitable by com-
paring cultivars, as has been attempted for dry
beans (Phoseolus oulgaris L.).(M) However, it is still
not known how much intraspetific genetic vari-
ation exists for root characters which determine
tolerance to mechanical impedance (root diam-
eter, root hair formation?). Variations in shoot
response to mechanical impedance are more
likely to be the consequence of selection pressure
on root characters than a reflection of direct selec-
tion pressure on genes coding for shoot characters.
Indeed, the effects of no-tillage on shoot devel-
opment in wheat are probably a consequence of
cultivar differences expressed early in seedling
development."" These differences were estab-
lished during the period of rapid root growth.
Therefore, in spite of the difficulty of extracting
roots from soil, the screening of seedling root
characters should logically precede Detailed gen-
etic studies on the shoots.

6. CONCLUDING REMARKS

Root growth through strong soils is necessarily
inaccessible; this has led to a paucity of direct
observations and a great deal of experimentation
in artificial soil systems and ballotini. This
approach has been vindicated because we are
now quite confident that roots penetrate hard
soils by a combination of cylindrical stress and
axial extension. This mechanism is founded in
impeccable physics and contrasts with (he axial
resistance estimated from blunt, steel probes. The
energy saving embodied in this mechanism of root
growth is further improved by low root-soil fric-
tion and compression of the growth /.one during
impedance. Roots have evolved to be soph-
isticated biological probes. However, in spite of
the subtlety of root behaviour in hard soils, pen-
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ctromctcr probes give generally good estimates of
soil strength.

Root metabolism is radically altered by imped-
ance; cortical cells swell radially, ethylene is syn-
thesized and osmotic solutes accumulate in the
root apices. The anatomical changes have been
tentatively linked to ethylene release and might
be considered adaptive because they mitigate the
effects of axial resistance on growth. Other
changes are still being evaluated; for example, the
growth physiology is still hampered by a lack of
knowledge of cell wall properties and import of
osmotic solutes (solute deposition rates). Equally,
the role of plant growth regulators is not well
described and is currently at a stalemate where
the pre-eminent molecule, ethylene, is concerned.
11 is little wonder thai we know so little about
the pattern of shooi development imposed by
impeded rooi systems. Understanding the sig-
nalling process is another challenge for the bur-
geoning science of root-shoot communication.'"'
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DRYING, CRACKING, AND SUBSIDENCE OF A CLAY SOIL IN A
LYSIMETER

J. J. B. BRONSWIJK1

The relation between changes in water
content and swelling and shrinkage proc-
esses was studied by exposing an undis-
turbed heavy clay soil in a lysimeter to
evaporation at controlled conditions in the
laboratory during a period of 82 days.
Changes in water content were measured
with teiwiometers and by weighing the lys-
imeter. Swelling and shrinkage were de-
termined by measuring the surface subsid-
ence. The loss of water from the clay soil
amounted to 45 mm, 40% less than the loss
of water from a comparable silty soil lysi-
meter. Drying of the clay soil was re-
stricted to the top 15 cm of the soil. As
much as 67% of the water low originated
from the top 7.5 cm of the soil. Simulta-
neous shrinkage in the*clay soil resulted
in a three-dimensional decrease in volume
of 34 mm, consisting of a crack volume
of 22 mm and a surface subsidence of 12
mm. The clay soil exhibited the successive
occurrence of structural shrinkage, iso-
tropic normal shrinkage, isotropic residual
shrinkage, and isotropic normal shrinkage
again. The occurrence of normal and resid-
ual shrinkage could be predicted by the
water content changes in the soil and the
shrinkage characteristics of soil aggre-
gates. Water loss in the structural shrink-
age phase occurred from interaggregate
pores and could therefore only be qualified
from the lysimeter experiment.

Due to the presence of clay minerals, the
volume of soil aggregates in clay soils changes
as water content changes. In dry periods, the
volumes of individual aggiegegates decrease,
which in the field becomes visible as shrinkage
cracks and surface subsidence. In wet periods, -
swelling causes crack closure and upward move-
ment of the soil surface. The physical behavior
of clay soils and their potential for agricultural
production are determined by this alternating
swelling and shrinkage.

1 The Winand Staring Centre for Integrated Land,
Soil, and Water Research, P.O. Box 125. 6700 AC

. Wagerunjen, The Netherlands.
Received April 3,1990; accepted Get 19,1990.

When cracks are closed, infiltration of water
into the soil is very slow, and ponding and
surface runoff are likely to occur. In such a
situation, crop growth may be hampered by 03

deficiency, and pasture may be destroyed by
cattle hoofs. With respect to environmental con-
sequences, the application of liquid manure in
such periods may lead to rapid transport of
pollutants to surface waters by runoff.

After a dry period the soil will be cracked,
resulting in high potential infiltration rates j^d
storage_capacities. Capillary rise from the water
table and evapotranspiration may then be ham-
pered by low hydraulic conductivities. Resulting
water shortage is enhanced by bypass flow: pan
of the precipitation flows through shrinkage
cracks to subsoil layers, thus bypassing the rel-
atively dry root zone. This process again has
some important environmental effects. Pollu-
tants may rapidly reach the water table or, when
pipe drainage has been installed, travel through
these drains to surface waters again.

Understanding and predicting transport proc-
esses in swelling clay soils require knowledge of
the dynamic process of soil cracking and surface
subsidence. Therefore, the relation between
drying and shrinkage is of great importance.

Haines (1923) and Keen (1931) defined three
shrinkage phases:

Normal shrinkage: the decrease in volume
of clay aggregates is equal to the loss of
water, the aggregates remain fully satura-
ted; Residual shrinkage: upon drying the
volume of the aggregates still decreases, but
the loss of water is greater than the decrease
in volume; air enters the pores of the aggre-
gates; Zero shrinkage: the soil particles have
reached their densest configuration; upon
further water extraction, the volume of ag-
gregates remains constant; the loss of water
is equal to the increase in air volume in the
aggregates.

In the field, sometimes a fourth shrinkage
phase, preceding the three mentioned above, can
be distinguished: structural shrinkage (Stirk
1954). Structural shrinkage occurs in very wet
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soils. When such soils dry, either by evaporation
or drainage, large water-filled pores may be emp-
tied. As a result, aggregates can get a somewhat
denser packing. On the whole, the changes in
volume in this shrinkage phase are negligible,
but the loss of water can be considerable.

Studies on the relation between water content
and swelling and shrinkage have been carried
out on aggregates (e.g., Grossman et al. 1968,
Franzmeier and Ross 1968, Reeve & Hall 1978,
Reeve et al. 1980, and Bronawvjk and Evers-
Vermeei 1990), small cores (e.g., Perrouz et al.
1974, Beradt and Coughlan 1977, and Yule and
Ritchie 1980a), large cores (Yule and Ritchie
1980b), and in the field (Aitchison and Holmes
1953, Jamison and Thompson 1967, Yaalon and
Kalmar 1972, Yaalon and Kalmar 1984, Hallaire
1984, and Bronswijk, in preparation).1 Different
problems inhibit the analysis of the relation
between changes in water content and changes
in volume. Studies on aggregates and small cores
generally do not yield the magnitude of water
loss in the structural shrinkage phase because
structural shrinkage is strongly dependent on
soil structure, and therefore large samples are
required. Furthermore, the load of upper soil
layers may influence the geometry of swelling
and shrinkage in the field, and this effect is not
taken into account when dealing with aggregates
or small cores taken out of the field into the
laboratory. In large cores and field situations,
on the other hand, changes in volume are diffi-
cult to determine. Moreover, measuring water
contents is difficult. Of the latter two, large cores
have the advantage that they resemble a field
situation and that the water balance can be
determined rather accurately in a well-con-
trolled laboratory environment

The objective of this research was to predict
the shrinkage of a clay soil from water content
changes in the soil and easily measured physical
properties of soil aggregates. Because of the
advantages mentioned above, a lysimeter exper-
iment was conducted. The undisturbed heavy
clay soil inside the lysimeter was subjected to
evaporation in the laboratory during a period of
82 days. During drying of the soil, the various
terms of the water balance were determined
together with surface subsidence and crack vol-

*J. J. B. Broiuwijk, 1991, The relation between
vertical toil movement* and w«ter content changes in
swelling clay soils, submitted to Soil Sci. Soc. Am. J.

umes. In order to explain the observed phenom-
ena in the clay soil in the iysimeter, water reten-
tion curves and shrinkage characteristics were
determined using soil aggregates.

METHODS AND MATERIALS

Soil type

The investigated Bruchem heavy clay soil
originates from the river district in the central
pan of the Netherlands. The soil is classified as
a typic Fluvaquent, very fine clayey, mixed, il-
litic-montmorillonitic mesic (Soil Survey Staff
1975). Its clay content ranges from 52 to 69%.
The soil was in use as pasture.

Soil aggregates

In the early spring of 1985, when the soil was
saturated, seven natural aggregates of about 25
cm9 were taken from each 20-cm layer of the
soil at the sampling site. To ensure their com-
plete saturation, the aggregates were placed on
a saturated sand bed for another 2 weeks. From
the seven aggregates per soil layer, three aggre-
gates were used to determine water retention
curves on a sand box and with pressure mem-
brane apparatus. One aggregate was used to
determine the density of the solid phase. The
remaining three aggregates were used to deter-
mine shrinkage characteristics by immersing the
aggregates briefly in Saran F310 Resin (resin to
solvent ratio 1:5 by weight). The applied Saran
coating is impermeable to water but permeable
to water vapor (Brasher et al. 1966). The coated
aggregates were dried in the laboratory. When
the aggregates dry, the elastic coating remains
tightly fitted around the aggregates. By weighing
and water displacement, both volumes and
weight* of the aggregates were determined at
different stages of drying. After about 3 weeks,
weight losses became negligible, and the resin-
coated aggregates were dried in the oven at
103*C in order to measure their final dry vol-
umes and dry weights. Void ratios (i.e., volume
at pores divided by volume of solids) and mois-
ture ratios (i.e., volume of water divided by
volume of solids) were calculated, using the
measured value* of density of solid phase.

Lysimeter

One large undisturbed soil core was sampled
in the field in early spring when the soil was
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saturated. The height of the empty PVC core
was 70 cm and the diameter 27.6 cm. The top
20 cm of the soil had been removed to eliminate
the possible influence of grass roots on soil
shrinkage. With a hydraulic pump and a cutting
edge, the empty core was carefully pushed 60 cm
into the soil, and dug out Subsidence of the soil
surface in the column during sampling was neg-
ligible. Thus, the upper 10 cm of the core re-
mained empty, and the lower 60 cm was filled
with undisturbed soil from a depth of 20 to 80
cm.

In the laboratory, the core was placed on a
sand base containing a drainage system, allow-
ing water to flow into and out of the bottom of
the lysJmeter (Fig. 1). By using a Mariotte bottle
set-up, the ground water level was kept constant
at 55 cm below the soil surface during the ex-
periment. The soil surface was kept bare. In the
present experimental set-up, the water balance
of the clay soil over a certain time interval reads:
AW - E - B, in which AIV is the decrease in
water storage in the soil (mm, decrease is posi-
tive), B is the cumulative flow of water through
the bottom of the lysimeter (mm, positive up-
wards), and £ is the cumulative actual evapo-
ration (mm, positive). Variable B was measured
by weighing the Mariotte bottle. The value A W
was determined by weighing the whole lysune-
ter, and E was calculated from the difference of
B and A W. Ceramic cup tensiometers were in-
stalled at 3,12, 22, 32, and 42 cm below the soil
surface. The tensiometers were inserted through

oval-shaped holes (2-cm height) in the lysimeter
wall Thus, tensiometers could freely move
downward as the soil shrank. Tensiometers were
recorded automatically, using a five-way valve,
a pressure transducer, and a recorder. The av-
erage surface subsidence of the soil in the lysi-
meter-was measured using nine thin needles that
were lowered every other day onto the soil sur-
face at varying, randomly selected positions.

After 36 day* of drying, the decrease in water
storage*In~thTioil became negligible. The poten-
tialtevaporatidn'demanTwaB then increased us-
ing ventilators. The experiment was stopped
after the tensiometer at a depth of 12 cm had
exceeded its air-entry value. At that time, the
experiment had lasted 82 days.

An estimation of crack volume in the lysime-
ter was made at the start and the end of the
experiment as follows. At the time of taking the
soil core in the field, four samples in rings of 30-
cm diameter X 5-cm height were taken at five
depths in the surroundings of the sampling site
of the lysimeter. Aggregate bulk density, derived
from the shrinkage characteristics, was com-
pared with ring-sample bulk density. Interaggre-
gate porosity could thus be calculated After
concluding the lysimeter experiment, the inter-
aggregate porosity was determined inside the
lysimeter itself, again by comparing aggregate
bulk density with soil bulk density.

Final gravimetric water contents in the lysi-
meter were determined, as well as distribution
of the weight of the solid phase in the column.

Flc. 1. Setup of the experi-
ment.
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During the experiment, a similar experiment
was conducted with an artificially packed soil
column in order to compare the water balances
of the two soil types. This "Blokzijl silt" consists
of 85% silt, 3% clay, and 12% sand.

Data processing
Tensiometers at 3,12,22,32, and 42 cm below

soil surface were considered to represent the soil
layers of 0-7.5 (layer 1), 7.5-17 (layer 2), 17-27
(layer 3), 27-37 (layer 4), and 37-50 (layer 5)
cm deep, respectively. The measured pressure
heads in the lysimeter were converted into gra-
vimetric water contents using the water reten-
tion curve determined on aggregates. Because
the weight of the solid phase of each layer was
determined, the total water storage in each layer
could be calculated. Due to rapid drying of the
topsoil, the tensiometer at 3-cm depth passed
its air-entry value rather quickly, i.e., after 9
days. From then on, the water contents of layer
1 were calculated by subtracting the calculated
cumulative changes in water storage of layers 2
to 5 from the measured change in water storage
of the whole lysimeter (column weights).

Bronswijk (1990) concluded that shrinkage at
natural loads occurring in Bruchem heavy clay
soil was isotropic. Therefore, the measured one-
dimensional soil surface subsidence of the soil
was converted into a three-dimensional decrease
in soil matrix volume and into crack volume by
using the following equations (Bronswijk 1989):

(1)
(2)

1 -1 -— \V

with

V 3 volume (m3) of soil matrix at sat-
uration,

. z = layer thickness (m) of soil matrix
at saturation, \

A V, Az= decrease in volume of soil matrix
(m9) and layer thickness (m), re-
spectively, as a result of shrinkage
(both positive), aad

VCT = change in crack volume (m*).

The calculated change in crack volume of the
soil, computed with Eq. (2), was compared with
the measured value obtained with the core sam-
pling method outlined before.

RESULTS AND DISCUSSION

Aggregates

The shrinkage characteristic of the soil aggre-
gates is shown in Fig. 2A. The measured shrink-
age characteristic shows the three classical
shrinkage phases: normal shrinkage from v —
1.15 to 0.5, residual shrinkage from » * 0.5 to
0.18, and zero shrinkage from t = 0.18 to 0. The
water retention curve is pictured in Fig. 2B. As
is common in heavy clay soils, the water reten-
tion curve shows a very steep decrease in pres-
sure head with decreasing water content. The
greater and most important part of the shrink-
age process in the considered soil can be re-
garded as normal shrinkage. Tb* whole pressure
bead range in which water uptake by plane roots

0.3 0.4 __.. . . -
Gravirhttricwater' content

FiG. 2. Physical properties of the clay soil used in
the experiment: A, shrinkage characteristic of soil
•ggr«c*tea; and B, water retention curve.
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takes place lies within the normal shrinkage
phase.

Lysimeter

The water balance of the clay soil is depicted
in Fig. 3A. During the first 10 days of the exper-
iment, the initially high evaporation rate de-
creased gradually until a more or less constant
rate of .0.76 mm/day was reached. From day 36
on, when the potential evaporation demand was
increased by ventilators, the evaporation rate
was equal to about 0.83 mm/day. The upward
flow through the bottom of the clay-soil lysi-
meter quickly became constant at a rate of about
0.37 nun/day. The water storage in the clay soil
decreased rapidly during the first 16 days.
Thereafter, the evaporation became equal to the
upward flow through the bottom of the lysime-
ter, so the water storage did not decrease any-
more. After the potential evaporation demand
had been increased at day 36, the evaporation
rate increased, the upward flow of water through
the bottom remained unaltered, and therefore
the water storage in the soil decreased again. No
equilibrium situation was attained again before
the experiment was concluded. The cumulative
evaporation of the Bruchem heavy clay soil was

Day no.

FIG. 3. Measured water balances of a lysimetcr: A.
with Bruchem heavy clay, and B, with Blokzijl silt
The potential evaporation was the same for both lyt-
imeter*.

•tOOOr

Day no.

Pic. 4. Drying of Bruchem heavy clay it various
depths: A, meaiured pressure bead value* (on), and
B. water content*. The water contents of layer* 2-5
were derived from measured pressure bead values and
the water retention curve. The water content of layer
1 was calculated from the difference of the column
weight and the water contents of layers 2-5.

about 65%, the cumulative upward flow about
73%, and the decrease in water storage 58% of
the values of Blokzijl silt (Fig. 3).

The measured pressure head values in the clay
soil showed a rapid decrease for the top tensiom-
eter at 3-cm depth (Fig. 4A). The air-entry value
of this tensiometer was already reached at day
9, due to the steepness of the water retention
curve (Pig. 2B). The second tensiometer at 12-
cm depth showed a gradual decrease in pressure
head over the whole measuring period of 28 days.
This indicates that, while the column weight
implicated a steady state around day 30, the soil
around the second tensiometer was still drying
out, and therefore water inside the core was still
redistributing. The tensiometers at depths of 22.
32, and 42 cm showed only very little drying.
The water contents of the various layers of the
clay soil are pictured in Figure 4B. The course
of the gravimetric water content of layer 1 (0-
7.5 cm) clearly reflected the two different evap-
oration regimes. The water content of this layer
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reached a constant value of about 0.25 around
day 22. When the potential evaporation demand
was increased, the water content rapidly de-
creased, down to 0.15 at the end of the experi-
ment. Only after about 50 days did the three
lower soil layers begin to lose water. In Fig. 5,
water content profiles at various times during
the experiment are compared At the end of the
experiment, a very steep water content profile
had developed with extreme water content gra-
dients in the upper 10 cm of the soil profile.
From Fig. 5 it follows that the directly measured
gravimetric water content at the end of the
experiment agreed well with the water content
profile derived from pressure head values. This
supported the method of using tensiometers and
a water retention curve to derive gravimetric
water contents for the clay soil in the lysimeter.
The loss of water in the Bruchem heavy clay
soil occurred mainly in the upper 15 cm of the
soil, with 67% of the water loss originating from
the upper 7.5 cm of toe soil. The large gradients
in the water content profile reflect the formation
of a dry surface soil with low hydraulic conduc-
tivities on top of a relatively wet subsoil.

Due to the drying process described above, the
clay soil cracked, and the surface subsided. The
first 4 days, the measured surface subsidence in
the clay-soil lysimeter was practically zero (Fig.
6). Thereafter, surface subsidence started. The
subsidence rate was large in the beginning of

0.1 0.2 0.3

Gravimetric
water eomam

0.4 0.5

2 I0

20

1-30

5-40

so

FlC. 5. Gravimetric water content profiles at var-
ious times during drying of Bruchem heavy clay soil.
After conclusion of the experiment, the water content
of the soil in the lysimeter was determined. These
directly measured value* are presented in the' figure
as welL Finally, the water contents where residual
shrinkage and xaro start according to the shrinkage
characteristic (Fig. 2A) at* indicated with a |.
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FlG. 6. Shrinkage of Bruchem heavy clay in a lys-
imettr upon drying. Surface subsidence was directly
measured. Three-dimensional volume decrease and
crack volume were derived according to Eqa. (1) and
(2). A measured value of crack volume at the end of
the experiment is indicated a* well.

the experiment and became almost zero around
day 25. After increasing the potential evapora-
tion demand (day 36), the surface subsidence
rate increased again. Cumulative subsidence
amounted to 12.4 mm. Crack volume (expressed
per unit area) increased by 21.7 mm, and three-
dimensional shrinkage of the soil matrix
equalled 34.1 mm. The directly measured change
in crack volume at the conclusion of the exper-
iment agreed well with the values derived from
surface subsidence measurements.

In Fig. 7, the three-dimensional change in
volume of the clay soil matrix, AV, is compared
with the measured change in water storage, AW.
The first 4 days, water storage in the soil de-
creased rapidly, while shrinkage of the soil was
still very small From day 4 to day 35 the de-
crease in water storage was about equal to the
shrinkage rate of the soil. After the higher po-
tential evaporation demand had been estab-
lished at day 36, the decrease in water storage
was again higher than shrinkage until day 70.

Around that time, the decrease in water stor-
age in the soil equalled the shrinkage rate once
again. This apparently strange behavior can be
explained by looking at the drying front in the
soil and at the shrinkage characteristic of the
soil aggregate*, as will be discussed in the next
section.

Comparison between behavior of soil aggregates
and soil in lysimeter

According to the shrinkage characteristics of
the soil aggregates, we would expect normal
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PlG. 1. Companion between decrease in water
storage &W and decrease in volume of the toil matrix
A V of Brucbem heavy clay. For each period, the dom-
inant shrinkage phase is indicated.

shrinkage to be the main shrinkage type in this
soil. For normal shrinkage, the decrease in soil
matrix volume has to be equal to the decrease
in water storage, which is obviously not the case
(Fig. 7). The loss of water without corresponding
shrinkage during the first 4 days of the experi-
ment, amounting to about 7 mm, has to be
explained by the occurrence of structural shrink-
age. In the present soil, water loss in the struc-
tural shrinkage phase originates from interag-
gregate pores, because a structural shrinkage
phase is absent in the shrinkage characteristic
of the soil aggregates (Fig. 2A). From day 4 to
day 35, the shrinkage rate was more or leas equal
to the decrease in water storage, reflecting nor-
mal isotropic shrinkage of the soil matrix. The
differences observed between the two are likely
the result of an experimental error caused by
the third-power dependence of calculated three-
dimensional shrinkage on measured subsidence
(Eq. (1)).

After the enhanced evaporation regime had
.been established at day 36, the decrease in water
storage again became higher than the three-
dimensional shrinkage rate. From the shrinkage
characteristic of the soil aggregates (Fig. 2A) it
can be concluded that residual shrinkage in this
clay soil occurs below a moisture ratio of 0.50,
which corresponds with a gravimetric water con-
tent of 0.19. From the water content profiles of
Fig. 5, it appears that before day 30, at every
depth in the soil profile, the water content was

higher than this threshold value, so residual
shrinkage did not take place. After day 36, how-
ever, the water content of the top layer was
decreasing strongly because of the higher evap-
orative demand. At that time, the threshold
value of 0.19 was reached 'in the top of the soil
profile, and residual shrinkage started. The zero-
shrinkage range, starting below moisture ratios
of 0.18 (which equals a gravimetric water con-
tent of 0.07) was not reached in the day-soil
lysimeter.

The successive occurrence of structural
shrinkage, normal shrinkage, and residual
shrinkage during drying of the soil before day
70 is in agreement with other experiments on
drying aad shrinkage of clay soils (e.g., Yule and
Ritchie 1980). Around day 70, however, residual
shrinkage is succeeded by normal shrinkage
again. The reason for this second occurrence of
a normal shrinkage phase is probably that the
water loss rate in the top layer, which is in the
residual shrinkage phase, decreases around day
70, while the water loss rate in the subsoil, still
in the normal shrinkage phase, became more
prominent (Fig. 4B) at that time. As a result,
the soil as a whole exhibits normal shrinkage
again. It is possible that the enhanced water loss
from the subsoil occurred by evaporation
through the shrinkage cracks, but this could not
be assessed in the present experiment.

CONCLUSIONS

The water storage in a heavy clay soil in a
lysimeter decreased by 45 mm in 82 days due to
evaporation. This drying process was accom-
panied by a shrinkage of the soil matrix of 34
mm, consisting of a crack volume of 22 mm and
a surface subsidence of 12 mm.

The shrinkage behavior of the clay soil re-
vealed the occurrence of structural shrinkage,
isotropic normal shrinkage, and isotropic resid-
ual shrinkage. Structural shrinkage can only be
derived from experiments on large undisturbed
samples. The other two shrinkage phases can be
predicted accurately using measured shrinkage
characteristics of natural soil aggregates. After
the successive occurrence of structural, normal,
and residual shrinkage during prolonged drying,
a second normal shrinkage phase occurred. This
phenomenon was due to the fact that water loss
from the subsoil, which was still in the normal
shrinkage phase, became greater than water loss
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The loss of water in the clay-soil lysimeter
amounted to 58% of the loss in a silty soil, at
equal potential-evaporation rates.
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& forest and above cleared ground.
Here Stevenson asserts that for-
ests, regarded as radiating sur-
faces, react as do other radiating
surfaces but that not enough reli-
able data are available for showing
their quantitative effects.

Throughout his exposition Ste-
venson relies upon the well-chosen
word. He uses no graphs, but still
manages to express himself fairly
lucidly when dealing with cumber-
some data. His approach is critical
and rational

An historical note on the article
itself is of interest here. While

Soil Depth Afiects Wind-
firmness of Longleaf Pine
Longleaf pines (Pinus palustris)

on the Escambia Experimental
Forest in south Alabama seem
most susceptible to windthrow
where underlain by clay at a shal-
low depth. This was indicated by
a survey of trees felled by hur-
ricane Flossy in late September
1956.

Nine inches of rain fell within
48 hours just prior to and during
the hurricane. Over the 2,500 acres
where the survey was made the
storm blew down about 300 trees
ranging in size from saplings to
large sawtimber.

After the storm, 57 soil borings
were taken to determine conditions
where windthrow had occurred.
Down trees were segregated into
three classes on the basis of depth
to clay or sandy clay layers of the
soils on which they had been grow-
ing. Proportion of windthrown
trees on each class of soil was com-
puted and compared with the
proportion of Experimental Forest
area in that class. Results are
shown in Table 1.

The tabulation, indicates very
clearly that more trees shallowly
underlain by a clay or sandy clay
layer were windthrown than would
be expected from the proportion
of area falling into that class. Res-
tricted root development on shal-
low soils, along v/ixl: greater satu-
ration of such soils (due. to slow-

originally published in the Pro-
ceedings of the Royal Society, two

'limited printings were made in
pamphlet form (5). Some years
after "Stevenson's death specimens
of the pamphlet were fouud which,
upon examination by experts, were
adjudged forgeries. One of the
proofs of forgery was the use of
paper containing rag, esparto, and
chemical wood. The presence of the
latter indicates that the paper
could not have been manufactured
prior to 1874, a year after the ac-
tual publication date of the origi-
nal pamphlets (1).

down of rainwater percolation
through the less jjerajeabie clay
layer) are believed to be_primarily
responsible. Surface soils on the
experimental forest are generally
sandy, particularly in the A
horizon, and infiltration is usually
rapid until a heavy soil is reached.

These results suggest, that, fol-
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lowing windstorms, foresters man-
aging lougleaf pine on the Gulf-
coast might well start scouting for
windthrow on soils with clay or
sandy clay within two feet of the
surface.

THOMAS C. CHOKER, JR.
Southern Forest Expt. Sta., Forest

Service. U. S. Dept. Agric.

TABLE 1.—PHOPOBTIOX or WIVDTBROWK TREES BY CLASS OP SO:L

Depth to clay
or sandr claj-

Forest area
in soil class

Wind-thrown
trees in soil class

24 or leas
25 to 48
More than 48

Total

(Percent)
46
29
25

100

(Percent)
90

3
100

Fie. 1.—Clay or sandy clay within two feet of the aorfate tends to reduce wind-
firianoM of lonfleaf pines.
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Sammary A model is developed Tor the rate of elongation of a root tip in terms of the balance of
pressures acting on the root. Differentials of this equation give expressions for the changes in root
elongation rate with respect to soil water potential and soil mechanical resistance. The model
predicts that root cells osmoregulate against both water stress and soil mechanical resistance with
similar efficiencies which are less than 100%. Analysis of published data leads to the conclusion that
root tips of pea osmoregulate with 70% efficiency. A working equation is developed for the
elongation rate of roots in conditions of combined water stress and mechanical resistance.

Model

Plant roots are assemblages of cells acting in concert. Elongation of a
root and the response of the root to its environment reflect cell elonga-
tion and the response of cells to their environment. Cells are in mechani-
cal equilibrium such that their internal and external mechanical stresses
balance. An equation can be developed for the mechanical equilibrium
of cells which incorporates the cell-wall extensibility factor as developed
in plant physiology10'". Differentials of this equation give the sensitivities
of cell and root elongation rate to changes in the terms in the equation
of equilibrium. Combination of experimental results from a number of
authors leads to the conclusion that root elongation rate decreases
linearly with increasing mechanical stress acting externally on the root.
External mechanical stress can arise from the resistance to root elonga-
tion arising from soil strength. This study provides a link between basic
physiological studies and the observed behaviour of roots in the field.

Plant cells are in equilibrium such that the total internal water poten-
tial, *Pi, is balanced by the total external potentials which comprise the
external water potential, *P0, plus any additional mechanical stresses or
pressures, M:

M. (1)
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Here, and in what follows, compressive pressures are considered to
positive and tensile pressures are considered to be negative. The
water potential is composed of osmotic, not and matric,
ponents:

1
coni-

Within the plant cells, with their semi-permeable membrane walls, the
negative osmotic potential which is produced by dissolved ionic and
molecular species gives rise to an osmotic pressure Flj = — n, = ITJ. ln

parts of this paper, water potentials, *F, will be considered in terms of the
moduli of their values, |*P|. This overcomes problems with sign changes.

The additional mechanical stresses are composed of a wall pressure
component, W, resulting from tension in the cell walls, and a component.
a, resulting from external pressures exerted on the cells from the sur-
rounding medium. Thus,

M = W + a. (3)

In the case of the cells of elongating plant roots, a is the pressure that the
root has to exert to deform the surrounding soil. From (1), (2) and (3):

w a. (4)

The rate of cell elongation, R, is related to the tension in the cell walk
and hence to the wall pressure component, W, by

R = m(W - Wc), for W > Wc, (5)

where Wc is a critical wall pressure component which has to be exceeded
for elongation to occur, and m is an extensibility factor9'10-". A combina-
tion of Equations (4) and (5) gives the elongation rate

R = m [ | f M - | « F 0 | - W c - 4 (6)

Equation (6) can be used to investigate the extensibility factor, m, and
the effects of soil strength and water stress on, the rate of elongation of
roots. To do this, it will be assumed that the equation, which was derived
from considerations of single cells, can also be applied to the elongation
zone of plant roots. It must be realised that the terms on the right-hand-
side of Equation (6) are not all independent. In particular, ¥,, changes
in response to changes in the other terms. This process is known as
osmotic adjustment or osmoregulation. It is one form of plant com-
pensation in response to external stresses.

Greacen and Oh9, using the seminal roots of pea (Pisum sativum)
determined the critical wall pressure as

Ml-CHANICS OF ROOT GROWTH

Wc = 0.34 MPa,

ind the extensibility factor at ">0

m = 81 ± 8rnm^_^

They also investigated osmoregu
^dered in terms of derivatives <
results of Taylor and Ratliff18 wh
external water potential, ¥0, on t)
(Arachis hypogaea L. cv. Virginia
of cotton (Gossypium hirsutum L.
Differentiation of Equation (6) w
to zero gives

This shows that for the roots of
water potentials,

Greacen and Oh9 also conclude
potential was matched by a com
tial:

= 1.03 + 0.0*

which supports Equation (1)
eson13 indicate a finite value

= — 18.4mm<

for the roots of maize (Zea mays
later.

The dependence of root elori
can also be examined by diffe

5R = Tfljj]
da \_ da

It is reasonable to assume thatj
to be zero as a first approxir
pea9 show that
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Wc = 0.34 MPa,

and the extensibility factor at 20°C as

m = 81 ± 8mm day'1 MPa~' .
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(7)

(8)

They also investigated osmoregulation by pea roots which is best con-
sidered in terms of derivatives of Equation (6). They considered the
results of Taylor and Ratlin"18 which showed that there was no effect of
external water potential, T0, on the rate of elongation of roots of peanut
(Arachis hypogaea L. cv. Virginia Bunch) down to T0 = —0.7 MPa and
of cotton (Gossypium hirsutwn L. cv. Empire) down to ¥„ = —1.2 MPa.
Differentiation of Equation (6) with respect to *F0 and setting the result
to zero gives

= 0. (9)

This shows that for the roots of these species down to these particular
water potentials,

W-, = ^o- (10)

Greacen and Oh9 also concluded that a change of external soil water
potential was matched by a corresponding change in cell osmotic poten-
tial:

= 1.03 ± 0.06, ( ID

ich supports Equation (1). However, the results of Mirreh and Ketch-
n13 indicate a finite value of

dR

TO
= - 18.4 mm day " 'MPa" (12)

for the roots of maize (Zea mays L. cv. United 106), as will be discussed
later.

The dependence of root elongation rate on soil mechanical resistance
can also be examined by differentiating Equation (6):

f = m[ da
(13)

It is reasonable to assume that dV0/da = 0, and dWJda can be assumed
to be zero as a first approximation. Experimental results for the roots of
pea9 show that
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da
= 0.7 ± 0.04, (14)

which is a measure of the efficiency of osmoregulation against soil
mechanical resistance. This leaves

A, r-T— = —0.3m for pea, or
da

= -Km (15)

in the general case. Note that if the efficiency of osmoregulation was
100%, then K would be zero, and soil mechanical resistance would have
no effect on root elongation rate. In practice, it is observed that dR/cc
is not zero, and so the efficiency of osmoregulation must be less than
100%.

The mechanical stress, a, exerted by a root tip against soil resistance
cannot be measured at the same time as elongation rate, R. R has been
measured as a function of soil strength, Qp, measured with penetrometer
probes7-13'18. Penetrometers used in laboratory studies are usually conical
with a 30° semi-angle, steel, and of 1-3 mm diameter. The results show
that R decreases from its maximum value of Rmai in an exponential-like
manner with increasing soil strength, Qp. This may be written

R _ - 0.6931<QP/Q,,,2) (16)

where Q,/2 is the value of penetrometer resistance that reduces relative
root elongation rate, R/Rmax , to one-half, and the exponent-0.6931 is
logcO.5 and results from the use of Q)/2 in Equation (16). Some values of
Rmax and Q,/2 are given in Table 1.

Additionally, information is available which compares growth press-
ure, a, and penetrometer resistance, Qp, for the penetration of root tips
and probes into the surfaces of blocks of soil4'12'20. Here, growth pressure
is defined as the stress, acting normally to the root surface, which a root
has to exert to deform the soil around it. Growth pressure, a, is expected
to be numerically equal to (IT, | - |*P0| - W) as given by Equation (4). The
results show that Qp is always larger than a, and that the ratio between
them increases progressively with increasing soil strength being around
3 in "weak" soil (e.g. Qp = 0.5 MPa), around 8 or 10 in "strong" soil
(e.g. Qp = 5 MPa), and perhaps even higher in yet stronger soil. The
difference between a and Qp results from the different modes of soil
deformation induced by roots and penetrometers'-2-8. The curve relating
a and Qp must pass through the origin (a = Qp = O) in extremely weak
soil, and a can never exceed the maximum growth pressures which roots

can exert, omH. Again, the 1
type equation of the form

where a has a value aroun
Equation (17) may be a

Ketcheson13. If it is a
1 = 0.5 MPa"', thenestin
roots may be obtained. The
as:

R = 26.0 - 2

R = 19.1 - 1!

R = 16.6 - 2

and

R = 12.5 - 1:

In Equations (18), thecoeff
average,

dR
— = - 20 mn
da

This constancy suppor
The first term in Equa^

decreasing soil water potent
within experimental error i

R = 26 + 18.|

where »F0 and a are in MF
of 5R/I34M which was qu|

For maize, the efficiency]
not been estimated. All
Km = 20 mm day~' MI
for maize, then the extec

m = 61mm<

If the results in Equation^
then it is also found th
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I can exert, amat. Again, the limited available data suggest an exponential-
type equation of the form

-«QP (17)

where a has a value around 0.5MPa~'.
Equation (17) may be applied to the tabulated data of Mirreh and

Ketcheson13. If it is assumed that amax = 1.3MPa and that
j = 0.5MPa~', then estimates of the pressures, a, experienced by the
roots may be obtained. Their results for four values of ¥„ may be written
as:

R = 26.0 - 21.5(7, mmday- 1

R = 19.1 - 19.0(7, mmday-1

R = 16.6 - 21.3(7, mmday-1

and

R = 12.5 — 18.1cr, mmday-'

for ¥„

for«P0

for«P0

for4>n

-O.lMPa,

-0.3 MPa,

-0.45MPa,

= -O.SMPa,

(18)

In Equations (18), the coefficient of a seems to be fairly constant, and on
average,

= -20mmday- 'MPa- ' .
oa

(19)

• constancy supports the concept of a constant value of m.
^^i he first term in Equations (18) decreases approximately linearly with
decreasing soil water potential. *¥„, and Equations (18) can be written to
within experimental error as

R = 26 + 18.44^ - 20.0(7, mmday- (20)

where 4/
0 and a are in MPa. From Equation (20) is obtained the value

o(dR/\d*¥0\ which was quoted in Equation (12).
For maize, the efficiency of osmoregulation (E = (1-K) x 100%) has

not been estimated. All we know, from Equations (15) and (19) is that
Km = 20mm day"1 MPa-'. However, if it is assumed that K is also 0.3
for maize, then the extensibility factor for maize is

I
m = 61 mmday 'MPa (21)

If the results in Equations (12) and (21) are substituted into Equation (9),
then it is also found that
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TO = 1 + -
m
1 dR

= 0.7
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(22i

is obtained for the efficiency of osmoregulation of maize roots against
water stress.

The results for pea roots of Greacen and Oh9, who measured c
directly, can also be written as in Equations (18). In this case,

R = 25.3 - 70.6ff, mmday-1

R = 17.8 - 27.1ff, mmday-1

and

R = 13.1 - 24.2<r, mmday- 1

for*. = - 0.285 MPa,

foryo = -0.42 MPa,

for = -0.73 MPa.

(23) !

It should be noted that their data at *F0 = -0.285 MPa were rather j
scattered. These data are consistent with

R = 30 + 25.3^ - 27<r, mm day '

which shows that

= -27 mmday-1

do

(24)

(25)

This consistent with Equation (15) and the value of m = 81 mm"day"1

MRa"1 quoted by those authors. Again, it is found that if these values
are substituted into Equation (9), then

TO = 0.7. (26)

It therefore appears that the roots of pea osmoregulate against soil water
potential and soil mechanical resistance with an efficiency of 70%. This
is in contrast with the conclusions of Greacen and Oh9 who obtained the
result in Equation (11) on the basis of their data for <r~ 0.15 MPa alone.

Equations (20) and (24) are remarkably si.nilar, and it is possible to
consider an average plant for which

R
= 1 + 0.78Tn - 0.85(7. (27)

It can be seen from Equation (27) that, in the absence of mechanical
stress (CT = 0), root growth is predicted to cease at *F0 =
— 1/0.78 = — 1.28 MPa. This would correspond to wilting. Similarly, in
the absence of water stress (*V0 = O), root growth is predicted to cease

R.'Rnux

0 0.2 03 0.6 04 ,"

-t, (MPa)

(-•jg. I. Values of relative rate of root u,
u Liter potential, 4*,,, and penetromelerj

(MPa)

Fig. 2. Curve indicates combinatio,
strength, Qp, at which root growth 1

at a = 1/0.85 = 1.18MF
growth pressure, <7max.

R

where 4^. is the wilting]
Equation (28) may be i

R

which gives the relativc|
monly-measured soil
strength. Fig. 1 shows'
water stress and
Q1/2 = 1.3 MPa and
This equation also ]
values of *F0 in str
adjustment of ^
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pjg. 1. Values of relative rate of root elongation, R/R^,, under combinations of conditions of soil
water potential, H*0, and penetrometer strength, Q . predicted from Equation (29).
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No root growth
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Fig. 2. Curve indicates combinations of values of soil water potential, 4*,,, and soil penetrometer
strength, Qp, at which root growth will cease as predicted from Equation (29).

26)

ter
his
:he
ne.
to

17)
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at ff = 1/0.85 = 1.18 MPa. This would correspond to the maximum
growth pressure, <Tmax. Therefore, Equation (27) may be written as

R
» »,

(28)

where *FW is the wilting point water potential of the plant species.
Equation (28) may be combined with Equation (16) to give

R
_ o -0.693I(QP/Q|.2)

U/ "*" '
* \v

(29)

which gives the relative rate of root elongation in terms of the com-
monly-measured soil properties: water potential and penetrometer
strength. Fig. 1 shows values of R/Rmai under various combinations of
water stress and soil penetrometer strength for a plant with
Q1/2 = 1.3 MPa and *PW = -1.5 MPa as predicted by Equation (29).
This equation also predicts that root growth will cease at less negatives
values of *¥0 in strong soil. Root growth ceases when the osmotic
adjustment of T; reaches its limit under the combined influence of V0 and
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Table 1. Experimental values for maximum rate of root elongation, R^,, maximum growth
pressure, »„„, and soil penetromettr pressure, Q,,,, which halves the rate of elongation of plan,
seminal roots

Plant species

Bean (Faba vulgaris L.)
Cotton (Gossypium hirsutum L. cv. Empire)
Cotton (Gossypium hirsutum L. cv. Coker 413-68)
Cotton (Gossypium hirsutum L. cv. Coker 413-68)
Cotton (Gossypium hirsutum L. cv. Sicot 3)
Maize (Zea mays L.)
Maize (Zea mays L. cv. United 106)
Pea (Pisum saiivum L. cv. Brunswick)
Pea (Pisum sativum L. cv. Meteor)
Pea (Pisum sativum L.)
Pea (Pisum saiivum L. cv. Onward)
Pea (Pisum saiivum L. cv. Brunswick)
Pea (Pisum saiivum L. cv. Greanfeast)
Peanut (Arachis hypogaea cv. Virginia bunch)
Ryegrass (Lolium multiflorum cv. 522)
Sunflower (Helianthus annuus L. cv. Hysun)
Tomato (Lycopersicon esculentum cv. Potentate)

(mm day ~ ' )

—
85
—
—
—
—
26
—
—
24
35
—

—
65
—
—
—

"ru,

(MPa)

1.08
—
0.92
1.1
0.29
1.45
—
1.31
—
—

—
1.2
0.50
1.16
—
0.24
—

(MPa)

—
0.72
—
—
—
—
1.3
—
2.03
—
—
—
—
1.91
1.39
—
1.48

Ref

6,16
18
19
5

15
6.16

13
19
7
9
4
5

15
19
7

15
7

a. However, soil strength will have no influence on the ability of a root
to dry the soil down to *FW behind the elongation regions of the root tips.
Combinations of conditions where root elongation are predicted to cease
are shown in Fig. 2.

It should be noted that, in practice, root elongation may decrease at
small values of |¥0| as the soil becomes saturated and anaerobic. Close
to the wilting point or at high levels of mechanical stress, on the other
hand, roots may be unable to osmoregulate fully, and the above equa-
tions may not describe the behaviour accurately. Also, under conditions
of high evapotranspiration, plant water status may be controlled by the
ability of the soil to transport water to the root, and the effective value
of *¥0 may be significantly more negative than the mean value of *F0 of
the soil.

Some experimental values of Rmax , o-max and Q,,: are presented in Table
1. It is not known why the values of o-max obtained by Misra et a/.15 were
smaller than those obtained by other authors. Unfortunately, there is no
single plant species for which a complete set of data has been measured
using the same batch of seed from the same cultivar. Future research
should attempt to remedy this as it would provide a much better test of
the above relationships than is possible at present.

It is not essentila to use penetrometers to estimate growth pressures,
a. Application of soil mechanics theory, as developed in Civil Engineer-
ing, can enable a to be estimated as functions of soil shear strength,
friction, compressibility, etc.**-1*. These analytical approaches require a

— I

MECHANICS OF ROOT GROWTH

large data set and usually in
more accurate approach invol
finite-element analyses17,
shape of the root tip, whio^d
have to be made about the le
the interface between the roo

Further development of 01
growth will require additiona
ures and penetrometer pressu
ments of root osmotic potei
water and mechanical stress.
range of plant species and soil
its limitations, will continue
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large data set and usually involve several simplifying assumptions. A
more accurate approach involves the use of non-linear soil parameters in
finite-element analyses17. To do this, information is required about the
shape of the root tip, which changes with soil strength, and assumptions
have to be made about the levels of friction and associated slippage at
the interface between the root tip and the soil.

Further development of our understanding of the mechanics of root
growth will require additional accurate data relating root growth press-
ures and penetrometer pressures as in Equation (16), and more measure-
ments of root osmotic potential, *Vt, under various combinations of
water and mechanical stress. These experiments should be done with a
range of plant species and soil types. It seems that penetrometry, with all
its limitations, will continue to be used for a long time to come.
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ABSTRACT

A nail survey of about 1,000 individuals, presumed tc be knowledgable of
the vegetation associated with operating and completed landfills throughout
the continental United States ind territories, was conducted for the purpose
of determining the status o/ landfill vegetation growth. Of the 500 people
responding, ab^ut 75 percent reported no problems. Twenty-five percent .-e-
ported problems o.. lanaTills and 7 percent reported problems with vegetation
adjacent to landfills.

Us-.ng reports received through the mail survey, landfills for si\e
visits were selected to represent the nine major climatic, regions as defined
by Tiewartha. About 60 individ'ial landfills were visited, and corrparisons
of the quality of soil atmospheres were rr,ade in the root zones of hei^thy
specimens and individuals of the same species that were dead cr dying.
AxciO^c invariably, where soil atmospheres contained high concen'rations of
landfill gases, vegetation was adversely affected.

Comparisons of soil quality vere made likewise. In almost all cases
where landfill gases were high in concentrator., elevated concerorations of
available ammonia-N, moisture and ~h- trace elements iron, manganese, copper,
and zinc were found--chafes similar to those found in flooded soils. Also,
high soil temperatures were found associated with landfill gases in a number
of cases.

Landfill vegetation growth conditions were generally similar for most
of the climatic regions visjted. Those in the desert area, however, were
found to have somewhat lower landfill gas concentrations than the others—
possibly due to dry conditions.

This report was submitted in fulfillment of Contract No. R 803762-02
by Rutgers University under the sponsorship of the United States Environ-
mental Protection Agency. This report covers the period May 15, 1975 to
May lU, 1977, and the work was completed as of Tune 15, 1977-
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SECTION I

INTRODUCTION

Sanitary Landfill has be?n demonstrated to be the least expensive envir-
onmentally acceptable means of waste disposal available tc date, purportedly
possessing the attributes o:' neatness and safety in audition to the relatively
low cost. Whereas such sices may have originally been located at considerable
distances from residential areas, rapid urban and suburban develoraer t in t|-.e
United States hp.s caused nii.ny once remote dumping grounds to be within deve-
loped areas, f.s. such they provide an attractive source of much ntedeu lar.c.
for many purposes. Although conversion to recreational areas or other non-
structural usage has long been considered an acceptable end ~±oc completed
landfill sites, the urgent need for space and for increased tax avenues has
caused many municipalities to eye completed lp_ndfiils for commercial use as
well. In rural areas, intensifying land use has r^salted in attempts to use
completed landfills for growing commercia2. crops.

Regardless of the ultimate utilization of the landfill, certain serious
disadvantages are inherent, not the least of which are ecological upsets due
to leaching of infiltrates and gases into groundwater, pollution of water
supplies, the production of tcxic and explosive gas mixtures from anaerobic
nicrobiftl decomposition of the organic matter present, and surface settlement.
High ground temperatures have also been reported in the cover material of
some completed refuse landfills.

The state of New Jersey, with a population of approximately 7^ million,
has experienced vegetation growth problems on and around refuse landfills.
The state is currently serving as the repository for solid waste from a
population of approximately 10 million. There are some 300 active landfill
sites in New Jersey comprising approximately 10,OOO acres that predictably
will become filled in ohe next few years. There are also in existence with-
in the state some 150 completed landfills, many of which have already been
converted to some of the aforementioned uses. Landfills completed up to
World War II were shallower and contained less organic matter than the pre-
sent ones possibly as the result of more coal ashes, more open burning, and
less wastage during those earlier times. Since World War II tne amount of
disposable waste has risen considerably with a concomitant rise in content
of biodegradable material. It is believed that the changing character of the
waste in landfills and the increasing need to develop former landfills for
new land have helped make vegetation deaths more noticeable. Mo^e than half
a dozen landfill sites in New Jersey were known to have experienced this
problem.



With the death of vegetation associated with landfills well dccurr.enced
in New Jersey, it war. desirable to see if similar situations existed in otlv:
parts of the United States and to (examine possible causes of these vegeta-
tion growth problems. The survey of the quality of landfill vegetation
growth consisted of a mail survey of cnc- l.'-iited State; fol.lcwcd by rn-site
visits to fonr.er landfills in all the major meteroiogical ro^icns found in
the U8 continental states and Puerto Rico.

rL.
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SECTION II

CONCLUSIONS

1. A mail survey of some 1,OCC persons assumed to be knowledgeable 01' piar/c
. growth status on or adjacent to completed landfill'.; showed fully TJ per-
cent of ti.wse who responded as unaware of -he problems associated with
vegeLuring completed landfills.

2. Site visits to so-^j 60 completed landfills w:,t,hin nine climatic regions
of the United States generally revealed a hijih negative correlation be-
tween plant growth and concentrations of methane and/or carbon dioxide
in the root atmospheres.

3- Little variability in the magnitude of landfill gas production and
consequent vegetation damage was observed -among the different climatic
regions, except for the arid area (southwestern Arizona) where con-
centrations of combustible gas and carbon dioxide were found to be
somewhat less than in the eight other regions. This was presumably due
to the lack of rainfall.

k. A number of woody species including American linden, American elm,
Japanese spreading yew, and sugar maple were found to be particularly
sensitive to landfill conditions.

5. The degree of tenritivity to landfill condition among th«? vcody specie:;
closely paralleled relative tolerance of these species to flooded or
water-logged soils.

6. Soil characteristics, other than atmospheric quality modified by tiie
presence of anaei-obicaULy produced landfill gases, included content of
moisture and available ammonia-nitrogen, iron, manganese, zinc, and
copper—all of which increased significantly in landfill gassed soils.
Increased availability of these elemr-nts Is believed to "be due to the
highly reduced conditions in the soils aid the activity of anaerobic
micvoorganisms. Soil pH tended to approach neutrality in gassed soils
d.ue to the presence of organic acids produced during anaerobic decom-
position of the buried refuse.

7. Where attempts were made to prevent the migration of landfill gases intc
plant root zones through the use of impermeable barriers, vertical
venting or gas extz-action systems, or through planting in mounds of
earth placed atop landfills, plants appeared to have a better chance
of survival.

.+.—̂....



6. Occasionally high soil temperatures '̂ up to 6o°C) adverse to vege-
tation growth were fou^a associated with landfill gaces in the soil.
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SECTI3J III

RECOMMIT DATIONS

1. The lack of awp.reness of landfill managers of the problem! attendant on
establishing vegetation on landfill sites indicates the need foi
education along these lines. It was also found that in about one tniru
of the cases there were discrepancies between conditions reported in the
ma:.l survey and fiose found in on-site visits to the landfill?.

2. The variability in landfill gas tolerance among species suggests the
need for research aimed at screening plant species for their adaptabi-
lity to landfill gases.

3 The similarities between soil characteristics in landfill cover soils
and in water-legged soils suggests the use of flood resistant species
for landfill plar.tings.

k. The lack of understanding of the precise role of specific landfill
gases in causing plant deterioration suggests the need for research
aimed at clarifying this situation.

To grow healtliy vegetation, landfill gases should be prevented from
entering the plant root atmospheres.

Utiifc



SECTION IV

LITERATUBi- SUKVcY

GAS PRODUCTION EJ REFUoi; LANDFILLS

The composition of landfill refuse varies considerably depending on its
origin be it municipal, industrial, incir.e/ation material or sswerag^ sludge.
The organic content of solid waste collected from homes, schools, commercial
establishments and industries generally ranges frcm 50 to 75$ on a weight
basis. Most of these organics are biodegradable and can be broken down into
simpler compounds by both aerobic and anaerobic micro-erg- an'. -,ms. The rate at
which this occurs is reported to be a function of (a) permeability of cover
matt-rial (b) depth of garbage (c) amount of rainfall (d) moisu'.re content of
the refuse (e) putrescibility of the refuse (f) compaction (g; pH and (h) age
of the landfill (1, 2,). .

When the refuse is initially deposited in the landfill, there i '
oxygen present to support a population of aerobic bacteria. This -t
from one day to many months (3). The literature indicates CO , NH_,
to be the principle products formed in aerobic deco.-sposition CO-

and H.O

The depletion of soil oxygen results in a decrease in the aerobic and an
ii.crease in the anaerobic population. During the anaerobic stage of decom-
position two phases have been identified, a non-methanogenic stage followed by
a ir.et.hane-producing stage.

During the non-methanogenic stage, organic matter is reduced, in the
presence of water and extracellular enzymes produced from bacteria, to smaller
poluble components which include fatty acids, simple sugars, amino acids and
other light weight compounds (';). Further breakdown of soluble compounds in
the absence of oxygen produces H_, CO, NH , HO, C0? and organic acids (pro-
bably acetic acid) (5, 6, 7)

During the methanogenic stage, CO and CH^ are the principle gases pro-
duced. They originate from two reactions carried out by a bacterium called
Methanobacterium(6). In the first reaction,the CO produced earlier in the .
decomposition is reduced through the addition of hydrogen to form methane and
water. The second reaction utilizes the acetic acid produced during the non-
methancgenic stage. Acetic acid is cleaved in the presence of heat to form
methane and carbon dioxide. These two reactions are represented below:

(1) C0 & Heat



i'.!

(2) CH., C Heat x CH, & CO
\ - —7> -

Acetic Acid • OH

Various cth^r gases -eportedly produced in the iinaerobic environment of
the landfill irclude ettane, propane, phosphine, hydrogen sulfiJLe, nitrogen
and nitrous cxide (8,9,10,11,5). A literature search of studies concerning the
effects on vegetation in response to the presence of these six gases in the
root zones produced a single article from Jap;in(12\ Hydrogen sul^i-le, which
is produced from the bacterium DesuJ fovibrio desuiruricans in aJ-kaline con-
ditions (13), was reported to have caused lower root respiration rates and a
decrease in soil neinatcJc population (lM-

Ir addi tier, to the methane-producing bacteria mentioned, above, there
exists a bacterium, F s ?udorr.onas chromobacter iuci, which utilizes ;ret;.~ji£ during,
its metabolism. It oxidizes methane, producing carbon dioxide and water (13).
Since oxygen is required for this reaction, the^e bacteria will generally be
found near the upper si iface of the landfill.

During the oxidati>n of methane, oxygen in consumed. Thi" raises a ques-
tion of whether or not the oxygen concentration is a limiting fso lor in this
reaction. Honks points .•>!•. :.̂ at these organicnic can function at soil atmo-
spheric oxygen concentrations as low as 1$. However, at thij low concentra-

tion, incomplete oxidation causes formation of such intermediate side product?
p.s methanol, formaldehyde and formic acid (15).

During anaerobic decomposition, the possibility exists for production of
a wide range of gases and liquids. However, the literature indicates CCp, Y\0,
CH, , US, and N., to be the predominant gases with CO and CH, making up the "
largest portion''of the .soil gas atmosphere. There has been a considerable
amount of work done concerning the effects of excess CO in the root zcne on
different plant species. In 191̂ , Noyes satin aled soil around tomato and corn
plants with CO (16). Both species died within two weeks, but there was no
irreversible damage to the soil.

A good deal of variation in tolerence between species has been found.
Cotton seedlings grown in hydroponic solutions (17) were able to exhibit
optimum growth with 10$ C00 present, provided at least 7-5$ Op was also
present. Thirty to Uo percent C0,j in the root zone of cotton seedlings was
found to severely reduce root growth in hydroponic solutions. Red and black
raspberry (18) were killed when their roots were exposed to 10$ C02.

Norris, Wiegand, and Johanson (19)in 1959 exposed excised onion root tips
to CO concentrations above that normally found in soil atmospheres. They
concluded that an observed dei-rease in respiration rate was due to permanent
daitage to the root cells caustd by the lowering of the intercellular pH by
dissolved CO .

There are various factors influencing methane gas production. The para-
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' rasters mos^ conaaonly roported are refuse moisture content, temperature ar.d ̂

Probably -i lie major factor is refase moisture content, h-raasvamy (20) and
Songonuga (21) found that we thane gas production rates i.^cr^a.sed with refuse
moisture content, a maximon production occurring at noisuire content of 60 to
Qctr, wet weif.,ht. Farquhar and Rovers (6) report maximum methane production
when refuse is near the saturation point. An e:a-eriment cariied out by Merz
arid Stone (22)'cinclucea tnat methane gas production increased with the addi-
tion ol surface irrigation water. Ludwig (23) f'und that at one of two sites
in California miohane production increased after a heavy rainfall.

It is reported that refuse moisuure content too low to support continuous
gas production in s landfill may be 'n the range of 30 to Uo$ (22). This
condition may exist in certain areas of th<J United States such as the dry
southwest, where rainfall, and relative humidity are very low.

Temperature has' also been described as a limiting facto" in methane
production. Aerobic conditions invariably produce higher temperatures than
anaerobic (2U,2?). Three separate articles have reported optimum ttr.nn;ert.tures
for methane production ranging from 30°C to 37°C. Kctze et al (?) report 37°C
to be tne optiaium temperature for nethane gas production in the mo.3ophil.Lc
stage of sewage sludg.e decomposition. Dobson (̂ 5) and Ramaswamy (20) say
maximum gas production occurs at 30°C and 35°C respectively. All found that
deviations 1'rom the optimum temperature resulted in decreased methiiie pro-
duction rates.

The optimum pH for metha_ie production during anaerobic decomposition of
sewage sludge is very n-;ar 7.0 (6). As deviations from this optimum are en-
cour.tered, ga.s production is decreased. Extremely high pH may exist in the
refuse because of the presence of alkaline materials, whereas low'pH levels
can result in inhibition ol methane production with the concomitant forma-
tion of organic acids (6).

One parameter which vas measured in & number of studies was the effect of
excessive infiltration on inethane production. When iexge amounts of water
were added to a lysimeter filled with refuse so that -;he saturation point was
almost reached, methane production was inhibited; hovever, COo continued to be
produced. This response was attributed to the positive oxidation-reduction
potential of rain water suppressing the activity of methanogenic bacteria
which require a negativ0 oxidation-reduction potential (26).

HISTORY OF PROBLEMS IN VEGETATIWG LANDFILLS

Conversion to recreational areas or other non-structural usage has been
considered an acceptable end for completed landfill sites and, in rural areas,
intensifying land use has resulted in attempts to use completed landfills for
growing commercial crops (27, 10, 28, 29, 3C, 31, 32, 33).

The serious disadvantages for adequate vegetation growth inherent in
landfill sites have been enumerated namely, the production of toxic gas mix-
tures from anaerobic decomposition of organic matter present, the leaching of
infiltrates and gases into ground water supplies, and the high ground tem-
peratures (31*, 10, 35).



In spite of predictable negative success in utilizing landfills for the ;
support oi' vegetation, mny reports of success or proposals for transforming !

barren former refjse sites into luxuriant vegetated areas are appearing in the j
literature and in th-: press (36, 37, 38, 39, 32, Uo). ' j

In July, 19?;? ar. article by Duane(Ul) applauding the construction of golf
courses on completed sanitary landfills cited the successful use of such tree
species as Japanese Hack pine, London plar.e , t hornless honey locust and Russian
olive for beautify inf. the sites.' In 1973 > u-n anonymous article entitled "From •
RufXcSf! Heap to Botanic Garden' appeared in Solid Wastes Management magazine
describing the transformation of an 87-acre landfill in Lo;; Angeles that had •
the distinction of being one. of the world's first such phenomena C+2).

A catalogue published in 1973 describin? hybrid poplars bred by a Pe-nnsyl-
van.G nursery cites a particular hybrid whicii supposedly vns grown successfully
on a landfill site at Fort Dix, New Jersey (^3)- In that .;ame year, a brochure
was published by the Caterpillar Traclnr Company describing and displaying in
lavish color various successfully vegetated golf courses and parks in Mountain
View, California-, Ancka, Minnesota; Baltimore County, Maryland; Long Island,
New York; Alton and Chicago, Illinois (Ul). In 1971* a new:; item in the Sun-
Star of Merced, California described a 5-acre park whose n<;w grass and trees
•would be aided in growth by "the proxLnity to the refuse which will provide
nesded nutrients" (:'45).

Few problems <.f any were either observed or anticipated in achieving these
spectacular results with the exception of the report of root damage to large
trees and shrubs at the Los Angeles Botanic Garden site.

At the Farce time, various investigators were experiencing difficulties in
growing vegetation at similar sites. .In January 19̂ 9 > Professor F. Flower and
associates of Rutgers University in New Brunswick, New Jersey (U6), responding
to a complaint of vegetation death on private properties adjacent to a landfill
in Cherry Hill Township observed dead tree.; and shrubs of the following species:
spruce, rhododendron, Japanese yev, azalea, dogwood, flowering peach, brush
dogwood, Scotch broom, arborvitae, Douglas fir, and lawn grasses. Testing of
ti.e soil with appropriate equipment disclosed high concentrations of carbon
dioxide and explosive gases. The conclusion reached was that the trees and
shrubs could have been killed by displacement of oxygen from their root zones
by lateral movement of the gases of refuse decomposition.

This site was visited periodically from 19̂ 9 to the present time, soil gas
was tested I'cr explosive, gas content and vegetation around the homes evaluated
for gas effects

Subsequent visits were made tc the site on March 12, March iS, and Maich
31, 1975 (U8). Examination of the landfill area on which a park had been
constructed revealed that many trees had been planted over the area the pre-
vious fall. The species included sweet gum, red oak, Japanese poplar, white
pine, Scotch pine and fir among others. Some of the trees had been destroyed
by being pulltl out by their roots. The holes remaining were rather shallow
indicating that plantings were not made at a great enough depth.
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The needier on < oi.:e ••vergn-on •.••i.-ro brown ir.vii^tin^ little- liV-.L-lii"-.^c! of
survival.

Gas vents had b.rn installed conriiti^g o:' plastic pipes v.-:J h .-•••.I-.-." i,l;>"ri
vertically in the ground.

Leachate was found in . or..; npr',.:. r,râ ..: -Tovth t!i/>;'i';'.in L;" • h-_ • ̂.-': ••/.-..-.
spotty; ir. ĉi:,e aro-^a it tj'-'•••' veil, •••'her •_.'!.: in o; . -.r area., <."•"'/" po n'lv.

A returv. visit to the.- sit.; en M.M.." ..~, 1 .•',•'> ^-/i wa ; r.aJ... •.o • VM-..V - ' iv.-
quality of the vegetation w:iic:i hvl :>'•.;: plant, ; ovi r 'i.u aica '.'u.-t' ,:'
trees were still living with the txc-) ;.i^n of a lar^.- r-.i^.o-r ^ ' .-u. '.ri-;;. : '.:<.•. ̂
and Scotch pines. The firs, w;iite pir.-i1.., and '.i;:ciduoû  treOo in :-.rj.:t c.i.:-. .-
were dcin^ very v.x-ll.

Ciround gas sar.pl̂ .-s wore taker, und in me . i ca/c.-, t,>u wa^ no4- er.:c ..-;•.. •••.•!
until a dirpth of 1; to .^ ir.cr.c.. ŵ .s r-ach'.: *. Jr. :iiy 2:10 za.-^ -.-•':• •.;:• :•<
evidinco of higii cc.:..lu.it iMc ,';:u lo1/-", ii, U..- r.-o: ̂ o::-j c; a deci.iu ;.j : •. -.•
and that tree had r.i-;.-d. .'t.-t-Jli. clowr, gi'a.;̂ ^ :• :i::d vcod, covered ::•.;:cr. " :' ' r. :
area; some spocs were iiOLed ro be barren. Oroor.i t;ac was f url v:ry cl,:. -e 10
the surface in jorce of the latter area?, oitjr.j of leac;.;-.te Wt:re al.:o :•.•..:̂ .̂ at
a few locations.

Checks fsr cor.bu.-.tibj e c:i" wer-j :r,,i.le in -everal o!' ch<. v-.-r-ical v-^it i .-.-•.
pi;er>, rrr-ults of which i:._licaicci that th-; .••_ :•;':'••' uoro v<ntin c- li-.c f...-.-. . ' . • • .
the landfill. It wa.i cor.cludc;, ' h-r'.t i li;;ri lay or at liu lax1 uf ' h>.' .' ', o •
feet oi' cover material had i;.,̂ C'jjs :̂J.j.y uejilv.;! ^ff tr.e cor-ru.-,tibl<; t'\..-;.-

 :':•--.-
the root zone of t^een, forcing the ga.; to -.".ovo laL-rally t.- the v-.:.'i:..̂  ri:-'.J
whence they were being diipc-roed to trie aV;..oo: :••-r-j. Th-_ vent-, rrob'tjj./ r- -,-.;:ê
underground lateral irdGration of ga.irs ;'.v;ay fi •"., U:e liii..if;il, -nl-.rio',̂ .:: a
single check in this area Glioved co^.cu-tible £i.s LO oe prf...ent.

In 1972, the Rutgers contingent made a visit, tc ohc p./aoh orchard of the
Le Eugenio brothers in Glassboro, !.rcw Jersey which bordered on a ccrr.plcti-d
lanufil.1, whore af.roxiir.ately 50 peach trees had died (-7). Upon co:q lotion
of the landfiU., the growers had hoped to plant a-.lcu Li.'>;;al ^ r.ach trto^ on the
filled area. Examination of the co'l itmosiihcr;- revealta .li^h concentrati ju*
of carbon dioxide and explosive gases in the orchard ..lea.

The conclusion was t.h°.t ".arDon di jxide and methane from the anaerobic
decomposition of organic matter had moved laterally from tne landfill into the
orchard a*x-a. The sealing of the surface of the landfill with a soil cover had
probably î en sufficient to prohibit the free i:ass£ge of ^a.-es vertically cut
of the landfill, therefore, they had taken an easier route laterally ir.to the
soil in tht root area of peach trees adjacent to th^ landfill.

A return visit was made to the De Eugenio orchard on March 16, 1975 (5C).
There had been further peach tree death from lateral migration of the landfill
gases. No corrective measures had been taken.

In May, 1973 the Rutgers group visited the Hunter Farn in CinnaminscTi.
NV.-W Jersey where previous visits had confirmed that combustible gases frcn ai
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adjacent landfill had encroached upon the farmland and injured crnp^- (̂ 7) a
.venting system of perforated PVC pipes had been installed at the interface of
the landfill and K^iter Farm land. Samples taken from the permanent gas
sampling stations at Hunter Farm revealed combustible gas extending 200 feet
into th> Hunter F&rn field. It WHS not possible at the time to determine
whether any improvement in gas migration had been effected by the venting
systeu.

Hun~2r Farm was again visited in December, 1̂ 7̂  when fields planted with
rye were gi owing poorly C+7). n'a3 checivs revealed that combustible gases vere
present in the area of new vegetation inj'iry and that migrating gases were now
reaching 600 feet from the nearest edge cf the landfill. Apparently the
venting was inadequate.

Another trip to Hunter's Farm was made ir July, 1975 when corn and sweet
potato were found to be growing poorly in areas where combustible gac concen-
tration was high. At this time gas migration was found °.t 800+ feet from tho
-BOge of the landfill (77).

On May lU, 1973, the Rutgers group visited Sharkey ' s Landfill in
Par sippany- Troy Hills, New Jersey to estimate its potential for supporting
vegetative cover and to examine field teit plots set out by a court-,/ agent
(51). It appeared that grass seeding had been attempted; however, jrasi seem-
ed to be growing well over only small areas of the fill. Numerous pools, of
oily leachate vere observed, many vith gas bubbles breaking the surface.

Famples of soil gas ievealed high concentrations of combustible ga:-es.
In the few areas where vegetation seemed to be growing well, there was little.
if any combustible gas in the root 'zone.

The general consensus on the possibility of successful vegetation appear-
ed to be that only shallow rooted pecies such as grasses would be expected to
thrive over most of the area. In sor.e spots devoid of combustible gas it
might be possible to grow deeper rooted vegetation.

A communication from the county agent on June 3, 1975 revealed that clover,
vetch, lespedeza and weepiiig Icve grass were doing well on the landfill (52).

On January 28, 197*+ the Rutgers group visited an 18-acre refuse landfill
which was the proposed site for a high-rise apartment project. At the north
end. of the landfill, a bank had been constructed three years previously on
pilings (53). Grour.i settling, gas odor and vegetation death were observed
on the bank property. Checks for soil gas revealed high concentrations of
combustible gases in the areas of vegetation death.

At the same time that the Rutgers investigations were going on in New
Jersey other investigators in this country and abroad were also reporting lack
of success in growing vegetation on or near landfills.

In 1972, Kutsuoa found a chestnut blight in the -area of a landfill in the
Tana River Valley in Japan, due to a high carbon dioxide and methane content
(5U) arid the following year Ueshita, Kuwayama and Saita (55) reported the death
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of unspecified tree species which had been planted on a landfill in Aichi
Prefecture.

In 1972, a. scientific study of the growth response of four ap^cies of pine
on simulated landfills was conducted by Cremer (56) in fulfillment of require-
ments for an advanced degree at Yale School of Forestry. Preliminary results
indicated that two of the species, Monterey pine and Pitch pine, -were growing
poorly on the simulated landfill plot whereas Austrian pine and Jack pine
appeared to be unaffected.

I.i 1973 a report from Toronto, Canada (57) blamed ethylene gas from a
landfill for vegetation mortality.

In the same year an anonymous publication (J*5) issued in Ontario, Canada
discussed the killing of vegetation by gases tcoaping from a sanitary landfill
in Mississauga, Ontario.

Various other communications (.3̂ , 58, 59) 30) during the past year have
reported further observations of vegetation problems on former landfills
ascribing the problem to methane gas, high soiJ temperatures, and/or insuffi-
cient depth of cover. Among the reports was one describing injury to corn
crops on landfilled trenches ar compared to normal growth 01- inter-trench
honlandfilled areas'in Connecticut (60).

The variability in results from efforts to establish vegetation nn fonrer
landfill sites is apparently due to variability in certain landfill c^arac-
teristics such as type and amount of solid vaste, depth of cover, construc-
tion and grading of the fill; certain regional meteorological conditions,
such as temperature, relative humidity and rainfall; soil characteristics
such a", composition, texture, ability to retain moisture, nutritj onal charac-
teristics; adaptability of pl̂ -nt species to lardfill conditions, and planting
and maintenance techniques to overcome unfavorable landfill con- itio.is ( 6l,
62, 63, 6U, 65, 35).

EFFECTS OF LANDFILL GASES ON VEGETATION

illuminating Gas

Included among the many decomposition gases from landfills produced during
the anaerobic' breakdown of r.z%2«"ritc matter are CH^, H , NH_, H S, CO , N , C H,
and CO (66). Mechanisms have been brought forth to show hu* these products ar£
formed from their precursor macromolecules. The literature describing the
effects of these gases on vegetation is very sparse possibly due to the lack
of concern. However, as far back as 1807, problems concerned with trees in-
jured by illuidnating gas accidently leaking into the soil, may be said to
have commenced when the first public street lighting system was installed in
Pall Mall, London (67).

Ono may ask what illuminating gas has to do with these decomposition gases
and their effects on vegetation. Table 1 gives the composition and some repre-
sentative concentration of the conctituents of illuminating gas. A quick gl&noe
at this chart will bring forth immediately, the importance of studying the
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ei'fect of illuminating gas on vegetation. The gases CH> , CO , U , C H, a
CO comprise the majority of the constituents of lianufactured illuminating

and
gas.

TABLE 1. APPROXIMATE PERCENTAGES OF SUBSTANCES COMPRISING
MANUFACTURED ILLUMINATING GAS

Substance

Ethylene (C H,)

Acetylene (Ĉ )

Benzene (C£H<:)

Butylene (C.Hn)

Propylene (C.,Hg)

Carbon Monoxide (CO)

Aumonia (NH_)

Cyanogen compounds*

Hydrocyanic Acid* (HCN)

Composition by Volume'

5 •

33%

")
) Less
) Than
} 5%

Hydrogen (V }

Carbon Dioxide (C0_)

Oxygen (og)

Nitrogen (Np)

Methane (CH. ) , ethane (CpH/-), propane (Ĉ Hg)

33

1.5

1

6

12

*Most of these have been removed from manufactured gas by a process called
"scrubbing".

NOTE: This table was abstracted from bibliography reference #70.

Ethylene (C2H. ) is of special interest although it has to date rarely been
considered a limiting factor by authorities trying to establish vegetation on
completed sanitary landfills. Smith and Restall (68) showed that ethylene was
produced in anaerobic soil by biological activity and not by chemical action.
In a simulated anaerobic soil, vh-n Q concentrations fell to zero, ethylene
production increased. Total evolution was related 10 organic matter content
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and soil temperature. A t^-rperaturi.1 of 35°C produced the maximum ethylere
evolutions.

Methane production w-is also reported to be optimum at 30 °0 and 35 °C by
Dobson and Ramswany respectively (25, 20). Smith end Harris (69) report that
under anaerobic condition:;, if no losses of ethylene occur, its concentration
in soil atmosphere can r^ach or ;>:ceed ^0 T.p.m. (0.002̂ ) in widely differing
soil types in the United Kingdcri. These <* )ncentrations are in consideiabi<=
excess of those which have been found tc c iuse severe reductions in the exten-
sion of ieminal root axes in temperate cer'als (68). Barley,-.vhich was the
most sensitive of the cereals studied, suf 'ered 50$ reduction in size after
three days exposure to 1 p. p.m. of ethylen< in soil and 30% at 10 p. p.m. The
corresponding figures for rye were 2^ and Uc$. Oat and wheat sensitivities
were between barley and rye. When CO concentrations in the soil were varied,
little change in the cereals' response was notc-d.

Because of the above experiments, it is appropriate to consider ethylene
as a possible toyj.: "^nonent of iJiuminating gas. The late iSoO's and early
1900's produced inuch concern ~-:~r escaping illuminating gas and the injury it
caused when ir. contact with t!.? .vooc system of various shade trees E_id orna-
mentals. The historical portion of Crocker ̂ d Knight's (71) study on carna-
tions and illumJ.natlns gas described uuch of "he piC'T.ous work done in Gen̂ ji.-
in the late l8oC"s. According -LO Crocker and Knight Kny WPS one of the fii^t
to test the injury experimentally. He used t.hree sound trees ii* the Berlin
Botanical Garden, each about twenty years old—one maple (Acer) und two lin-
dens (Tilia). Gas pipes were laid 8U cm. underneath the soil where these
trees were to be planted. On July 7 illuminating gas was passed through the
pipes beneath the maple at 12.9 cu.m./day ani beneaLl: the two lindens, 11.7
and 1.6 cu.m/day respectively. First a euonymous (E. europea) bush near the
maple died, followed by defoliation of the ir,aple leaves on September 1. An
American elm near by showed injury also. On September 30, tu.e first linden
began to show signs of injury, and by October 12 it had lost i\ll its leaves
The second linden haa lost its leaves by October 19. A blue discoloration
concentrated in the steOe showed up on close examination of cross sections :>f
the roots one-half inch in diameter or larger. The lindens both produced
foilage the following spring; however, it was bleached and very stunted. The
mapls, elm, and euonyrious bush showed no signs of life.

Spath and Meyer (71) passed 1 cu.m. of gas daily through wooden pots each
containing one tree. Platanus, silver poplar, American walnut and Ailanthvs
were killed; maple and horse chestnut were severely injured, and a linden
showed no injury. The leaves of the injured trees were a pale green or yel-
low and most of the younger roots were dead. These investigators concluded
that •t-.ree'o are far less sensitive to gas injury during the winter mouths when
the sap is not flowing than during t.he growing season. The above Uo exper-
iments suggest that linden is more resistant to injury brought about ty
illuminating gas than any other mentioned species.

Bohm (?1) grew slips of water willow in water throuj. which gas war,
passed. He found that they produced only short roots and that these soon
died, as did the dormant buds. The twigs themselves remained alive for about
three months until, as he believes, the reserve food had been exhausted.



In another exp ?rimen t he found that soil impregnated with gas was very
poisonous to plants and for seed put to germinate in it. A draceana planted
in such soil died in ten lays. Far less injury was shown when a given quan-
tity of gas was in contact with the portions of the plant above the ground
than when the sane quantity came in contact with the roots by being passed
into the soil. He concluded'that roots are most sensitive to gas injury.

Wehmer (71) calls attention to a severe case of gas poisoning in Hanover,
Germany. Thirteen elm trees along a street showed injuries varying with the
distance ttu-y stood from a leak in a gas pipe. Li late winter a number of
them showed brown discoloration of the inner bark, and a falling-off of the
bark in very large patches extending up the trunk six.feet from the ground.
No blue discolorations of the roots appeared as was reported by Kny (71) and
other observers (71).

Molisch (71) found that growth in length of roots is retarded by 0.005%
illuminating gas in soil gas atmosphere. If uninjured and decapitated roots
of corn are grown in illuminating gas, the former are remarkably bent and
retarded in their growth in length, while the latter grow almost straight and
are comparatively vigorous. Under the influence of the gas the growth in
thickness of the roots is increased with the greatest thickening occurring
where the bending is sharpest.

Shonnard (71) had exposed potted lemon trees to gas at 1.07 cu. ft./hr.
constantly for eight days •fchen h'3 noted exudation of sap in considerable quan-
tity from the trunk and branches, as well as chlorosis and defoliation of
leaves. He found gejnetophytes cf certain mosses to be very resistant, suffer-
ing very little Injury in high concentration? of these gases after two months
exposure. Elodea and nittella'3 older cello t.\.-re injured to a greater extent
than the younger cells, as shown by the plasmolysis of the cells.

Richards and Mac Dorgal (72) found that carbon monoxide and illuminating
gas retarded the rate of elongation of roots of Vicia faba, sunflower, wheat
and rice. Swelling also appeared in the leaf sheaths of wheat, being some-
what more pronounced with illuminating gas than with carbon monoxide. Exam-
ination of a root cross section under an appropriate microscope showed that
these increases in root diameter were largely due to the enlargement of the
cortical cells.

Stone (73) has reported proliferations of tissue at the lenticels of
willow slips growing in water which had been cnarged with illumination gas.
He also noted a rapid proliferation of the cambium in stems of Populus
deltoides (Quaking Aspen) under the influence of illuminating gas.

Probably one of the most extensive studies carried out to investigate the
effects of illuminating gas on vegetation was done by Harvey and Rose (jk].
Toi? irvestigatio:i was undertaken with two objectives in mind: 1-to determine
some of the effects of illuminating gas on root systems, and ^-to determine
whether the chief causes of injury are those constituents of illuminating gas
which are readily absorbed by the water film of soil particles or those which
remain primarily in the soil interstices. Because previous work had pointed
out the "ethylene effect" on trees which were exposed to illuminating gas,
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Harvey and Rose (?U) decidt-d to test this hypothesis. They placed the bare
roots of six Vicia faba seedlings inside a laige humidified glass bottle into
which they pumped iliuminatJ.ng gat;. Then, using the satna rpecies in soil and
exposing the soil to similar concentrations of gas, they produced the same
response as observed with the bare roots. Therefore, they concluded that the
constituents of illuminating gas which are relatively insoluble in water are
responsible for the response i,i Vj.cia faba. Ethylene is included as an insol-
uble gas. This fact further stimulated Karvey et al. to move towards testing
ethylene toxicity.

Again, they used Vicia f:ibg and exposed bare roots, as described above,
to illuminating gas. In a se^ara>.= bottle, ethylene, in concentrations
corresponding to that in the illumine ting gas, was passed around the roots
of the same species. From the observations made in these tests the ethylene
was considered one of the toxio agents prt;-.ent in illuminating gas.

The concentration of ethylene used here WQ.S 0.001$ or 10 p.p.m. Barley's
growth decreased by 50% it 1 p. p.m. and rye responded to the same concentra-
tions by a 25$ decrease (69). Cn all these cases, the root response to gas
exposure was a bending and sweU.ivig of the root at this bend.

When the roots of radish, custard, and tomato seedlings were exposed in
a moist-air chamber to illuminating gas for 2k, U8, and 72 hours respectively,
the responses of the tomato differed, from that of the radish and mustard
ceedlings(7M. While the rootr, or the mustard and radish showed obvious
signs of bending and swelling very similar to Vicia faba, the tomato roots
grew as straight as normal seedlings' roots. However, swelling of the
hypocotyl was evident and was found.to be the rssult of an enlargement of
the cortex and phellogen. Close examination of the stele showed no structural
differences from that of a control tomato plant. The experiments with
ethylene on tomato again gave some evidence that the toxic eff3Ct recorded
for illuminating gas is due to the ethylene constituents of that gas.

When Catalpa bpeciosa seedlings were exposed for eight days to illumi-
nating gas piped through the soil at concentrations of 0.05, 0.;>, 2.5 and 5$,
stems and leaves showed no modifications (7*0. However, at 2.5 and 5$ the
roots showed very obvious spelling. When the same species were exposed to
ethylene concentrations of 0.002, 0.02, 0.1, and 0.2% which is comparable to
the amount of ethylene contained in the illuminating gas used above, the re-
sponse shown by the 0.1 and 0.2$ ethylene was like that shown by 2.5 and 5$
illutLnating gas. This gave further evidence to the expanding theory that
ethylene tcxicity is responsible for the response of the root systems to tne
illuminating gas. This also showed that larger quantities of illuminating
gas and ethylene are needed in soil to produce the same response by roots
exposed to corresponding quantities of gas with no soil. Possibly the soil
is acting as a buffer and is either absorbing or utilizing the ethylene.

When Catalpa seedlings were exposed for twenty-one days to illuminating
gas concentrations of 25$ (1$ ethylene) a swelling of the main root appeared
(6). The increase was 2-3 times that of the normal thickness. The epidermis
was often cracked and sloughed off in places. Such cracks provide root rot-
ting fungi and bacteria a mode of easy entry into the root. Very serious
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stunting and even death can result from root rot infections especially when
attack is promoted against young seedlings (75).

Ailanthus altissima seedlings were exposed by Harvey and Rose (7̂ ) for
fifteen days to illuminating gas concentrations of 0.25 and 1C$. The 0̂ 25%
treatment gave sligiit swelling of the roots 3-^ cm bolow the surface, while
the 10% treatment produced le«u' drop beginning five ir.ys after the gassing
commenced. By the end of the experiment, all leaves had itillen. When ethylene
was used instead of illuminating £as, in concentrations corresponding to the
amount of ethylena present in the illuminating gas ii: the above experiment,
very similar response.-, were observed. The lower ethyjene concen'tvation(O.Ol^)
produced negligible swelling -whiln the higher concentration (O.Uf,) produced
swoJlen top roots anc1 leaf drop, i.ight days after the gassing started. Through
the examination of cross sections of the control plants and gassed plants, it
became evident that.the stelar region had remained unchanged, whil-: the cortex,
extending into the phellogen layer, had increased in thickneps, partly through
the increase in cell diameter and partly through cell division. This same
phenomenon was seen in the gassed tomato and the Vicia faba plants (?M.

A number of tests were carried out with Gleditsia (Locust) seedlings
(?U). Illuminating gas in concentrations up to 33% were used to fumigate the
roots. These high concentrations gave leaf drop, but no definite injuries
were detected in the root system.

Briefly looking back on the above work brings out an interesting trend
in the pattern of damage produced by varying the concentrations of illuminating
gas and ethylene gas in the soil. At low concentrations, such as with the
radish and mustard experiment and the Vicia faba plants,.the response seems to
be primarily a swelling of the roots. However, when higher concentration? are
provided to the root systems, the response seen in the root system is cracki:iy
and sloughing off 01 the epidermis in Catalpa. Ailanthus and Gleditsii
responded to higher concentrations by dropping their leaves.

Harvey and Rose (?U) summarize the work carried cut by Kosaroff, whcse
experiments found that the symptoms manifested in the aerial parts of plants
due to illuminating gas being passed through the soil were similar to those
seen where the plants were exposed to droughty conditions. He further states
that injury is not necessarily due to conduction of toxic substances into the
leaves; however, this possibility is not to be overlooked. In experiments
conducted to determine the effect various transpiration rates had on the
plants' response to gas exposure, Kosaroff found that greater evapotranspira-
tion rates produced.gas type injury sooner than did lesser rate.; of evepo-
transpiration.

A final experiment was conducted by Harvey and Rose (?M with an
Ailanthus tree having an 8 en. dianeter and a 3-5 meter height. They used
many surrounding Ailanthus trees as controls. By placing a glass tube 0.7
meters into th? soil and 0.6 meters from the tree, they passed illuminating
gas to the roots of this Ailanthus tree.' The gas was supplied at a relatively
constant rate starting on July 3. The first symptoms of injury were manifested
on July Ik. The leaves of some of ti'.e young shoots growing on the side of the
tree where the gas entered the soil, showed signs of wilting. Three days later

17



these leaves and others shriveled and.died, but remained attached to the
branches. In the middle of September, the leaves which were apparently un-
affected initially, began to shrivel and fall. This tree had lost all its
leaves much sooner than the licarby controls. In our field vork we have ob-
servevl black cherry (Prunus £e_rotini^) a^i black oak (QuercuR velutira) , au-
parentlv killed by landfill decomposition gases, whose leaves had shriveled
and sti..l remained hanging on the branches.

IT. '.he early 1900's quite a number of articles were written, i.tiich re-
ported arid described illuminating gas kill of vegetatior. Two of -Che more in
depth set of observations were made by member; of the Massachusetts Agriculture
Experiment Station in 1907 and lt̂ -3. In bo;h cases observations were made en a
number of trees over an extended oeriod of time beginning with the time of
first knovn gas exposure. Some o:!1 their results are discussed below.

Stone (75) reports that the poisonous properties of illuminating gas are
.\arfeely confined to the numerous products which are absorbed by the soil
moisture in small quantities, taken up through the roots and translocated
through the tissue. This is in conflict w?.th Harvey and Rose (7M who carried
out a controlled experiment showing quite conclusively that the gases present
in the interstitial spaces in the soil were responsible for the toxic effect
of the gas or. vegetation. Stone gives no data for his statement, otone fur-
ther states that these substances are to be found in the tissue; however, the
response differs Between species and even with different parts of the plant.

An anonymous report (66) by the Massachusetts Agriculture Experi-n^-.tai
Station describes gas injury in two classes: first incipient ^?.-<=s, then
pronounced cases. During observation of the •inciTne<r.J- cases the bark has
been seen peeling off in very large strips, up to 6 feet long in American'elm
(66) and 2.5 feet long in quaking aspen (Populvs deltoides) (73). The bark
on the sides of these cracks was bulged out considerably and on clorer exam-
ination it was shown that a thick layer of soft parenchymous tissuj extended
into the wood for a considerable distance. This abnormal tissue was formed
outside of the ctunbium from which it seemed to have been derived. Remember
that Harvey and Rose (7̂ -) obs- rved A_. altissima leaves turning yellow first,
then dropping off. The.leaves farthest from the source of water, i.e. those
at the top of the tree and the ends of tht branches, have been o> served to be
the first leaves to show signs of injury. These are the leaves which charac-
teristically will be the first to show signs of wate?.- deficiency. It is the
work by Harvey and Rode (7̂ ) and others (67) which leads to the belief that
root damage at least plays a .small role in the yellcr.-.'lr.g cf -he leaves rarthest
frcz: tlic roots and water supply.

Following the initial injury to the foliage are characteristic changes in
the wood and bark of the tree as was briefly mentioned above. The first
symptoms appear as a drying of th= cambium and other tissues outside the wood
cr xylem. Later these tissues (cambium, phloem,and cortex) turn brown and
disintegration follows. These abnormal conditions first take place in the
roots, but Stone states that later, as translocation proceeds, the poisonous
constituents may be detected in the wood in the above-ground parts. A charac-
teristic odor can be detected in a cat section of the trunk after the rootr.
have been exposed to gas (66). Following disintegration of the phloem, cortex,
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and cambium there is a change in the physical properties of the bark, causing
it to dry out and crack open, exposing the underlying tissues (66, 73). This
••nay soon be followed by fungal and bacterial invasion. Species of fungi in
the genera Polystictus and S:hizospylluTi have been isolated as well as the
bacterium feniciIlium. A complicated process of wood decay follows which soon
makes the wood urisalvageable even for firewood ('?;].

Stone (73) makes a final statement concerning tbr symptoms observed follow-
ing gas exposure of the roots. He states, "All the conditions refer merely to
the way in which a tree succumbs to gas poiboning, and do not necessarily
constitute reliable symptomr, of this type of injury, as these symptoms may be
found in trees dying from other causes. The tissue furnishes the most reliable
symptoms for diagnosis."

Stone (73) hac carried out a study, to observe the effect of illuminating
gas upon vegetation when provided to the above ground parts. He observed thp.t
Kenilwcrth ivy, papyrus, tobacco, tomato-and others were damaged, while ferns,
mosses and liverwort were hardly nffected. He suggests that because the latter
group have evolved in time much earlier than the former, that they are tolerant
to a wider range of gas exposure. If this holds true, species such as palm
and gi.ikgo t.*ee would be more tolerant to illuminating gas exposure to above
ground portions than modern deciduous and conifers, e.g. blajk cherry, red oak,
white spnace, etc.

In the spring and summer of 1931* Deu^er (67) carried out an experiment
with the purpose of recording the influence of various rates of flow and
quantities of a typical manufactured gas on the growth of three-year old
American elms (Ulrrus americana). These trees were growing in clay pots and
were transplanted just before gas exposure to pots containing one liter of
soil. Unlike the work described up to this point, this manufactured gas con-
tained no ethylene. Table 2 contains an analysis of the gas used. In addition
to the gassed trees, controls were transplanted and handled in a similar
manner.

TABLE 2. ANALYSIS OF COKE OVEN G<vS SUPPLIED BY
NEW HAVEN GASLIGHT COMPANY

Composition by Volume

Cerbon Dioxide (CO )

llluminants

Oxygen (0̂ )

Carbon Monoxide (CO)

Hydrogen IHJ

1.70

3.00

0.20

0.70

51.00
(continued)
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TA3LE 2. (continued)

Substances ' % Composition by Volume

Methane (CH, ) 25-90

I Nitrogen (N •) 10.0

• Naphthalene (C,0Hg) . 3-5
i
j . Sulphur (S) ' trace

: Hycj-ocyanic Acid (HCN)

' NOTE: Obtained from reference #6?.

I

' He exposed ten elm trees to various gas flow rates and various Quantities
of total gas supplied. The earliest symptoms observed were chlorosis of the

I leaves and defoliation. Chlorosis generally involved the leaf margins first
I and sometimes proceeded no further. Usually the lower-most leaves or. the main

stem or larger branches became chlorotic and abscised before the yov.iger upper
leaves. This is in direct conflict to the pattern seen when tree:* vere gassed

; with illuminating gas containing ethylene (71*). The trees receiving the high-
est quantities of gas in the shortest period oi1 tine became defoliated within
five days. However, both trees produced an enormous amount of n-.'tf shoots with-

' in a month. The condition of these new shoots was unreported at this time.
I The trees supplied with lesser amounts of gas gave a variety of responses

ranging from gradual defoliation over a three month period to slight chlorosis.
! The tree in soil through which 7 cu. ft. of gas had been passed continued to be

nonr.al in appearance except for a slight chlorosis at the bases, of three leaves.
The following spring, these trees exhibited normal growth of tops arid roo+s.

i Deuber (67) has discussed in this same paper his personal observation of trees
apparently injured by root exposure to illuminating gas leaks. He states,

J "Rapid killing of a shade tree vithtn a fe-v dcys or a few weeks has bef.n seen
; occasionally, but the Miure numerous cases are those in wnich 3hlorosi.c> of the
J foliage or a portion of che tree and partial defoliation is subsequently
• followed by the drying out and death of uppermost twigs, and the drying of
i some branches and not others."

Other experiments carried out by Deuber in which woody plants were sub-
jected to a "mixed illuminating" gas and, in some instances, to ethylene, led
him to describe three c]asses of plant physiological responses to this illu-
minating gas. The first response is stimulation, such as accelerated devel-
opment of latent buds and prollfevation of root parenchyma. The second class
cf responses is injury, suc^i as innibition of bud development and dwarfing of
leaver. The third response is killing effects, ranging from partial to com-
plete defoliation. The type raid degree of the physiological resvor.se of
small elm trees varied with time of exposure (season) and with the part of
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the plant exposed to th2 gas i.e. roots or leaves.

Deuber (6?) worked with ethylene in concentrations of 1% to 5$, in air
held, about the bases of rooted cuttings of privet or small oak trees and
observed chlorosis, defoliation, and drying out of the 3eaves on the top of
the plants. He has concluded from this and his above experiment with illumi-
nating gas that "ethylene or gaseous ingredients of similar physiological
action on plants can explain the symptoms observed when relatively large
volumes of the coke oven ,?as employed in this investigation are passed in'-o
the soil in which small e.bn trees are growing".

SUM4ARY

The deleterious effects of illuminating gas on many species of plants have
been observed,, demonstrated, and reported frequently since the early nineteen
hundreds. A few species have also been reported to be relatively tolerant to
the presence of illuminating gas in their root zone. Tables 3 and k list these
tolerant and sensitive species as reported in the literature.

TABLE 3. PLANT SPECIES RELATIVELY TOLERANT TO ILLUMINATING
GAS AS REPORTED IN THE LITERATURE

Common Name Genus-Species

Birch (71)

American Linden (YD)

Rough Fruited Maple (71)

Norway Maple (?6)

Privet (67;

Mosses (70)

Ferns (70)

Liverworts (70)

Locust seedlings

Betula

Tilia °jericana

Acer sp.

Acer platenoides

Ligustrum

Gleditsia st>
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TABLE k. PLANT SPECIES RELATIVELY SENSITIVE TO ILL'JMINATINC
GAS AS REPORTED IN THE LITERATURE

Conznon Name

Pyoaincre (71)

Silver poplar (731

American Walnut (71)

Tree of Heaven (71)

American Elm (70, 71)

Dracaena (71)

Horsechest-mt (71)

Alder (70̂

Apple (70)

Ash ('0)

Boxelif.-r (70)

Catalpa (70, 67)

American Linden 1,70, 67)

Pear (70)

Poplar (70)

Eucnynious (71)

Willow (67)

Cherry (67)

Silver Bell (67)

Red Oak (67)

Black Oak (67)

Bermuda grass ( ,7^ )

Fuchsia (71)

Salvia (71)

Genus-Species

Platanus

Populus

Juglans 22

Ailanthus altissima

Ulnus amerjcana

Dracaena

Aesculus hippocastanum

Alnus

Malus

Fraxinus

Catalpa bii'jionioice;

Tilia americana

ms

Populus

£ curopea

Salix

Prunus

Halisia caroliniana

Quercus rubra

Quercus velutina

Cyndon dactylon

Fuchslu

SoJ.via solendens
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In most of the studies where gas WF^S injected into the root zone the
leaves dried. Trees grô /ing in the vicinity of illuminating gas line leaks
have exhibited, si mil; r sy.nptoms as well &s bark-peeling and tissue- staining.
Cthylene has been demonstrated to be one of the prime factors involved in the
toxic effect of illuminating gas on vegete.tion in very minute quantities.

Effect of Carbon Dioxide on Plpnt Growth

Since carbon dioxide can be produced ;n thj iefy.se and in the soil
saturated with methane an investigation into v*at effects this could have on

growth i.-: in order.

In our fi3ld survey concentrations of carbon dioxide in the soil ranged
from less thin 1% to 3^ of the soil atmosphe: . / large percentage of these
readings wera in the 5^ to 15% range (̂ 7). V-%n-al joil carbon dioxide usually
ranges from 0.0k% to 2% (17); therefore, the levels recorded in the survey
are excessive.

In 191 ̂ H. A. Noyes saturated the soil around tomatoes and corn plants
with carbon dioxide. Beth species died i-.i two weeks but there was no irre-
versiblc damage to the soil (16). Ruben and Kama in 19̂ 0 demonstrated the up-
take and fixation of carbon dicxide by barley roots. They uaed a radioisotope
tracer to show this but were unable to isolate the products of fixation in the
plant (?8). This was done in 1953 by Poel who identified the products of
fixation as citric, aspartic and tslutamic acids, serine, asp'aragine, glutamine ,
tryosine and alpha-ketc-glutaric acid (79 j. S'rolwijk and Thimann in 1̂ 57 found
that the products of carbon dioxide fixation in tl:e roots of pea seedlings were
transported to the shoots. They also found that concentration* of 0. ̂  c;uoC.r.
dioxide stimulated ro^t growth but 1% carbon dioxi ie inhibited root growth (80\
Geisler found that exposing pea seedlings to 5 to 250 milligrams of CO per
liter in a hydroponir r Diction stiiiulated root growth (8l). The stimulation
noted was in root elongation; the roots were thinner and an increase in the
rate of lateral root initiation was also noted. This stimulatory effect of
low levels of carbon dioxide were attributed to the ability of the roots to
use it as a carbon source. Ii: light of more iece.it developments it seens
more likely that the carbon dioxide is competing with ethylene for a receptor
site. This competition results in a more pronounced auxin response. In-
creased cell elongation would be characteristic of this hormonal imbalance (82).

There has been a lot of work done on establishing tolerance in various
species to excess carbon dioxide in the root zone A good deal of variation
in tolerance between species has been found. Cotton seedlings grown in
hydroponic solutions were able to exhibit optimum growth with 10* carbon
dioxiae present, provided at least 7.5$ oxygen was also present. Ttirty to
forty- five percent carbon dioxide vas found to severely reduce root growth
(17). Fed and black raspberries were killed when their roots were exposed to
10$ carbon dioxide. The root growth in the species, Pisum sativum, Vicia fab a
and Phasedus vulgaris, wa^ completely inhibited by 5/5% carbon dioxide (l&T̂

Thi ability of carbon dioxide to disrupt the normal function of root cells
was investigated by Norris, Weigand and Johanson in 1959. Excised onion root
tips were exposed to an atmosphere of 9OJ, oxygen and lCfl£ carbon dioxide. The
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rate of rcspir^.ticn was halved and when the same tissue was flushed with pure
oxygen tho rate continued to halve. This was attributed by the authors to be
due to permanent damage to the cells caused by dissolved carbon dioxide low-
ering the pH (19)..

f !
f ! Effect of Low Oxygen on Plant Growth

Lou concentrations of oxygen have been reported in the soil near natural
gas leaks (13). A similar situation hac been found both on and adjacent to
sanitary landfills. In this study oxygen concentrations in the soil on land-
fills were found to range from 1% to 20% <.<? the soil atmosphere (77).

In 19̂ 5) Chang end L'lomis conducted a general survey of the literature
f and concluded that pl?.its would suivr'.ve concentrations of cxo/gen in tht root
! zone of one to two percent. They aJaC concluded that most plants should

!
function nornially at oxygen concentrations ranging from five to ten percent
(83). There is, of course, a good deal of variability between the. different

j spe :ies in their tolerance to low oxygen concentrations in the root zone.
Ort-.̂ e oi-?e roots stopped growing when oxygen levels were between 1.2V and
5^ and were retarded at concentrations of ^% to 3$ at 28°C (8U). Apple trees
were found to require 10$ oxygen for good growth to occur but they eo\J.d

j survive concentrations as low as 0.1$ (85). Ten percent oxygen was found to
y innibit the growth of both red and black raspberries (18).

I Higher temperatures were fo\jid to increase fn need for cxygeri in growing
roots (13). A den^e soil will also increase the ne^d for oxygen at the growing

F rcot tip. This is believed to be due to the extra work that has to be do:i:r •_,
j the root tips as they push their way through the soil (86).
ii

[ Sustained low oxygen concentrations in the soil have been found to r3su.lt
in mineral deficiency symptoms in the plant. Potassium is usually th>? first \.o

j occur and it is followed in order of appearance by nitrogen, phcsphorvj,
\ calcium and magnesium (87, :58).
i

i EFFECTS OF LANDFILL GASES O'A SOIL QUAIJVY
I
j In investigations of t.ie effects of natural gas (methane) leaks on phy-
[ sical properties of soils, several investigators (89, -;.3- 90, 15, 91^ reported
f increases in pH, organic master, available phosphorus, calcium, potassium,

iron, manganese, nitrate-nitrogen, ammonia-nitrogen, and moisture content in
areas around the gas leaks is compared with normal soil away from the leaks.
In soiie case? the fertility of the soil was increased by leaking gas to the
point that crops such as wheat and oats grew better on the gashed soils th«n

I on normal soils (90). The lact that the ratio of organic matter to nitrogen
was generally lower in the gissed soil led to the conclusion that the soil
alterations were probably du; to the activity of micro-organisr.s under anaer-

j obic conditions.

[ The reason for the ubseived increases in concentrations .f nitrogen
'. compounds and trace elements in gascjd soils undoubtedly lies in the low
( redcx potential of these soils, an has been docune-.ited for similar responses
i
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of soil to flooding conditions (92, 93, 9M- When oxygen disappears fiom the
soil, requirements of anaerobic soil microorganisms for a source of oxygen
results in the reduction of several oxidized compounds namely nitrate, nitrite,
rjid the higher oxides of manganese, and iron. These reduced forms are gener-
ally more soluble and hence are made available to plants. Availability of
oLher trace metals occurs as they are displaced by ferrous ions from the ex-
change complex to the Soil solution.

The trend to neutrality in pH is probably caused by the buffering effect
of organic f-.ciis released by the microbial breakdown of organic matter.

?h-j consequences of these soil changes in i&ivlfills have yet to be evalu-
ated. At this tir.e it is considered tha+ these so:il conditions contribute to
the de/nago done to vegetation, although to a lesser degree than does'the
presence of landfill gas. However, the presence o;' ammonia-nitrogen or of
trc.ce .elements in toxic concentrations nigi'it hasten the death of vegetation
already debilitated by the presence of tcxic gases and/or the lack of oxygen
in th.j root atmosphere.

V t

f 1

25

L...



SECTION V

NATIONAL SURVEY OF PROBLEM

MAIL SURVEY OF VEGETATION PROBLEMS ASSOCIATED WITH KEFUSE LANDFILLS

Procedure

The investigation to determine the geographic extent of problems asso-
ciated with growing vegetation on completed landfills was conducted in two
stages, the first of which was a mail survey for the purpose of obtaining
preliminary information on the location of and the vegetative condition of
fonr.er sanitary landfills which have been converted to parks, playgrounds,
golf courses or other types of recreational areas.

On the basis of information obtained through t.ie oail survey, specific
landfills were selected for site visits, so that the nine climatological
regions of the United Stateb and territories (Figure 1) proposed by Trewa.rtha
in his textbook entitled An Introduction to Climate were covered.

Ai/jr.rcxiiTiately 1.000 letters were sent to people and publications through-
out the United States explaining that we were undertaking a survey to determine
the extent of problems associated with growing vegetation adjacent to, and on
top of completed solid waste refuse landfills.

Appendix A is a copy of the basic letter sent to most of these people.
A total of seven Differently worded letters was sent. However, a majority
of the people receivirg the letters of inquiry received the basic letter.
Most of the other six letters container, only slight modifications of the
better in Appendix A. The modifications were i^ade to accommodate the differ-
ent auaiences. The letter in Appendix A was reproduced by the Itek sy;;tem.
The address and salutation for each letter recipient were individually typed
and each closing signature was individually written In cases where the
letter sender, Franklin B. Flower, personally knew the recipients cf the
letter, an additional personal postscript was added to the letter to encourage
their response.

A questionnaire (Appendix B) and a stamped, self-addressed envelope
were enclosed with each letter. The questionnaire requested the names and
addresses of landfills which have had prob] or.s growing vegetation abov.3 them
or adjacent tc them and the names and adaresr.es of landfills which have been
successful in growing grass, shrubi, trees or other vegetation. Comments on
the effects of buried refuse on living surface vegetation were also sought.
The enclosed self addressed, stamped envelope enabled the recipient to easily
return the questionnaire. The questionnaire was designed so that it would
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take a mlp.isiua amount of effort to complete but would suppĵ r Information which
would enable us to locate thosi refuse landfills which showed the best and
poorest vegetation growth associated with them. We included a notation that
could be check-narked to indicate th&t the person completing the questionnaire
would like to obtain a summary report of the results of the completed study.
It was felt that this would eucouragu the recipient to complete a.id return
the questionnaire.

Appendix C lists the sovjrces from which we obtained the addresses of the
recipients of the questionnaires and the number of questionnaires sent to
each of these groups. The S-.ate Soil Conservation Service Office, the Director
of the Cooperative Extension Service, and the Solid Waste Management Office in
every state and territory recei/ed this written request for information. The
thirty-three publications with which we communicated were the major publica-
tions of the solid waste mar.agemem: field. Mailing of the questionnaires to
people on th<= various registration and membership jlsts was done on a selec-
tive basis. The 130 mailings listed under ''oth-ir" included consultants;
landfill operator?; directors of county, city and nmnicipej. solid waste man-
agement programs; educators; etc. 1'he :iames and addresses of many of th^se
"other" people were obtained froir. -,he replies received from earlier mailings.

The State Soil Conservation offices in Alabama, Iowa, and Texas made
copies of our letter and questionnaire which they forwarded to their regional
(county) offices. After assembling the data, they returned to'us either the
individual replies or a coripilatinn of the replies. At the request of the
individual State Soil Conservation Service offices, we sent questionnaires to
each regional office in Nev Jersey end to twelve of New York. State's regional
offices.

Results

Approximately 500 replies were recei^d from the survey in addition to
the J*O returned by the Post Office as undeliverable. Of these, 115 indicated
they had no knowledge of the ditua'cion. The balance of the replies contained
information on approximately SCO refuse landfill sites.

The re .suits are summarized in Table 5 according to the major climatic
zones as outlined in Figure 1., which follows the climate types presented in
An Introduction to Climate by Gltn T. Trewartha, Uth edition, 1968.

Adding the number of sites reported in Table 5 with no problems growiiig
vegetation to those reporting growing problems on and/or adjacent to the land-
fill gives a totaJ of ^4^, or 37 mo e i.nan the total number of sites reported.
This apparent inconsistency is due -;o t.wo or more conditions being repprted
to exist concurrentl.'' at some landfills.

The mail survey results indicate that of the sites reporting:

76$ were growing vegetation without problems;

25^ had problems growing vegetation on the soil cover;
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7% were experiencing difficulty in growing vegetation adjacent to the

landfill;

17$ were successfully growing trees on the landfill;

63$ grew grass successfully on the landfill;

12$ grew shrubs successfully on the landfill.

No significant difference was noted in the degree of problems reported
from landfills located in the different meterologica?. zones (Table 6). Six-
teen or more reports were received from each of the five climatic zones. Of
these, the percent of sites repor. '.rig no growing jroblems ranged from 72$ to
77$ and the percent reporting s~'-̂ >< kind of vegetative growth problem varied
from 30$ to U8$ of the total r.nnoer of sites reporting. Table 7 summarizes
the results by states.

Thirty-eight replies comm<j.~.i,ed on the possible causes of vegetation
growth problems or. refuse landfij is and what should be dene about them. The
most frequent];/ reported suggestions and the percent of people reporting each
suggestion were:

1+7$ - Use or develop a good quality soil aM good cultivation practices;

32$ - Landfill, gases inhibit vegetation growth;'

32$ - Use more than two feet of cover for good vegetation growth;

26$ - Grov grass or other shallow-rooted crcp;

13$ - Vent or block landfill gases to keep them away from the root zone

of vegetation:

11$ - Consider adaptable species;

11$ - Leachate causes vegetation growth problems;

11$ - Well-conpacted refuse will enhance vegetation growth;

11$ - Good surface 'Irainage enhances vegetation growth.

While .the major reason reported for poor vegetation growth was the lack
of good soil and/or poor cultivation practices, a high percentage of those
reporting did give the presence of landfill gases as a major cause of this
poor growth. Others suggested various methods for keeping tlie gases away
from the root zone of vegetation as an aid to better growth.

Although we have been able to produce very nice tables from the data
obtained from the mail survey, the degree of accuracy of this data is suspect.
In the section of this report which gives the results of the field visits
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TABLE 5. LANDFILL VEGETATION GROVflH RESULTS BY CLIMATIC ZOTiF.
AS REPORTED LI MAIL SURVEY

Major Climate
Zone

Symbol

Cf

Dct

Dca

BS

Cs

Bw

Do

H

Aw

Ar

A

Name

Subtropical
Humid

Temperate
Continental
Cool Summers

Temperate
Continental
Hot Summers

Steepe or
Semi-Arid

Subtropical
Dry Summer

Desert or Arid

Temperate Oceanic

Highland

Tropical
Wet and Dry

Tropical Wet

Tropical (Hawaii)

TOTAL

Total Number
With

No Problems

83

25

223

13

18

2

8

6

--

....

6

38̂

Growing

Grass

70

16

192

8

13

1

7
6

--

_ ,,

6

319

Shrubs

8

2

36

--

12
_ _

_ _

_ _

~-

_ _

k

62

Trees

2k

5

Ul

1

12
__

3

--
_ _

2.

88

Other

10

2

22

1

--

—
. _

„.

--
_ _

--

35

Vegetation
Growing Problem

Adjacent to
Landfill

o

2U

2

2
__

--
_ _

--

J3

On Covered
Landfill

32

8

63

. 6

10

—
2

1

--

1

k

127

Total #
Sitfes
Reported

112

33

291

18

25

2

9
6

0

1
10

507



TABLE 6. COMPARISON OF VEGETATION GROWTH PROBLEMS BY CLIMATIC ZONES

Major Climate
Zone

Symbol

Cf

Deb

Dca

BS

Ca

Name

Subtropical
Humid

Temperate
Continental
Cool Summers

Temperate
Continental
Hot Summers

Steppe or
Semi-Arid

Subtropical
Dry Summer

Number
Stations
Reporting

112

33

291

18

25

Percent -
No Growing
Problems

7̂

76

77

72

72

Percent -
Problems Growing
Veg. on Landfill

29

2U

22

33

Uo

Percent -
Problems Growing Veg.
Adjacent to Landfill

3

6

8

11

8



TABLE 7. RESULTS OF MAIL SURVEY BY

No.
Problems

Alabama

Alaska

Arizona

Arkansas

California

Colorado

Connecticut

Delaware

District of Col.

Florida

Georgia

Hawaii

Idaho

Illinois

Indiana

Iowa

Kansas

Kentucky

Louisiana

KUine

Maryland

'

(

17

0

6

7

20

0

8

11

3

7

1

6

5

5

12

U6

0

o

1

0

16

Problem
Adj.

0

0

2

2

2

0

1

2

0

0

0

0

0

0

0

0

0

0

0

0

2

32

STATES AND

Problems
On

1U

0

2

5

11

C

2

0

1

1

0

U

0

2

0

5

0

0

0

0

1+

TERRITORIES

Total No.
Sites Reporting

31

No Ld.Fls. Reptd.

9

12

28

No Ld.Fls. Reptd.

10

11

3

8

1
*s

10

5

7

12

51 (might be
some overlap) ,

0

9

1

No Ix'.Fls. Reptd.

20

(continued)
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TABLE 7. (continued)

Massachusetts

Michigan

Minnesota

Mississippi

Missouri

Montana

Nebraska

Nevada

New Hampshire

New Jersey

New Mexico

New York

North Carolina

North Dakota

Ohio

Oklahoma

Oregon

Pennsylvania

Puerto Rico

Rhode Island

South Carolina

South Dakota

No.
Problems

7

7

U

0

2

3

1

0

U

30

2

27

12

5

12

5

8

11

0

2

13

0

Problem
Adj.

1

2

0

0

0

0

0

0

0

8

0

3

0

0

2

0

0

0

0

3

1

0

Problems
On

3

0

1

6

0

p

0

0

1

11
1

15

1

0

11

2

1

5

1

2

1

0

Total No.
Sites Reporting

11

9

5

6

2

3

1

No Ld.Fls. Reptd.

5

U5

3

Ul

13

5

22

5

8

16

1

7

15

0

( continued)
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TABL?; 7. (continued)

Te-jiessee

T-'xas

•Jtah

Vermont

Virginia

Washington

West Virginia

Wisconsin

Wyoming

GRAND TOTAL

No.
Problems

1*

19

2

2

13

1

2

6

0

384

Problem
Adj.

0

0

0

C

1

0

1

0

0

33

Problems
On

C

3

1

0

6

1

0

1

0

127

Total No.
Site.. Reporting

' U

19

2

2

19

2

2

6

No Ld.Hs. Reptd.

507

NOTE: Some .andfiJJLs are listed in more thar one category
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and examinations, we have ctHrparsd. t*ie inforr-ition received by mail and what
was found in the field. This ccmp&ri s.j/i ir.iicates that one-third of the
reports received by mail v&y have been inaccurate.

j ' SITE SURVEY OF VEGETATION PROBLEMS ASSOCIATED V/lI.i' REFUSE LANDFILLS\

Introduction
i
: Fran the completed Questionnaires received in response to the mail surv.y,
I landfill sites were selected which showed the ^est and the poorest vegetation
I growth associated with refuse landfills in the following nine climatic areas
i (Figure 1):

; (1) Ar - Tropical wet.
; (<;) Bis Steppe or semi-arid.

(3) Bw - Desert or arid. .
i (H) Cf - Subtropical humid
i (5) Cs Subtropical dry summer.
: (6) U\.B - Temperate continental- wana summers.
! (7) Deb - Temperate continental-cool summers.

(8) Do - Temperate oceanic.
! ' (9) H - Highland.

; Procedures

Before planning the site visits, an inventory *ras made of all the equip-
ment required for1 making the landfill vegetation and soil studies (Appendix D).

The following field procedure was designed to insure the maxinur possible
dara I'rom each landfill site visited. Fi^ld dat.i were recorced on fiej.d
inspection report forms (Appendices E and F).

_\. After arriving at the site, preferably one involving the growth of
trees ar.d/or agricultural crops, with field equipment (Appen-iix D) communicate
with t.ne official contacts and make friends.

a. Obtain a history of the site and the vegetation growth from the
local officials. Find out what materials went into the landfill , how
well they were compacted, how deep is the refuse, when it was put in the
landfill; thickness and type of daily, intermediate and final cover, etc.
Find out when vegetation was planted and how well it is growing.

b. Record names, addresses, and telephone numbers of all contact
persons. Record physical and mailing addresses of the site.

2. Make or obtain a rough map of the site noting areas of poor and good
vegetation growth.

3. Establish reference points to and from which compass bearings can be
taken and distance measurements can be made so that an accurate map can be
made and the good and poor vegetation growth areas can be located accurately
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in relation to tne completed fill. This map should include the location of the
completed landfill, vegetation, buildings, and where pictures were taken.

k. Take distance measurements and compass directions to reference points
from the centers o'f tht poor vegetation growth areas or from a specific loca-
tion vithin the poor vegetation growth area.

5- When the poor vegetation grcwth areas are located, place or locate a
reference marker in this area. Locate it at the center of.the poor growth or
at the spot previously located in nurber 4. All sampling points in the poor
vegetation growth area should be taken in relation to the reference marker.

6. Pepeat number k and naonber 5 for a comparable good vegetation growth
area where the same species of crop is "ueing grown as in the poor growth area.

7. Starting at the reference marker and moving out in as many directions
as possible, take combustible gas readings at the 3" depth in the poor and
good vegetation growth areas. Tne spacing and number of the sampling points
will be determined by the size of the poor growth area and the amount of time
available.

8. At intermediate sampling points in both areas take combustible gas
samples at 1' , 2' , and 3' depths. Sample for 00 and CO at the 1' depth.
Where possible, intermediate sampling sites should be located in the vicinity
of sampling sites that wsre previously found to contain high concentrations of
combustible gas at the 3' depth.

9. Take soil samples according to soil sampling procedure (Appendix G).

10. Identify species of the good and poor growth vegetation and the poss-
ible causes of poor grovth.

11. Photograph the site including good and bad vegetation sampling loca-
tions. Record locations of photograohs. Include vistas and close-ups of
individual plants and/or leaves shewing injury.

12. Sample and analyze any visible leachate which is in a vegetation
growing area. Follow leachate sampling and analysis procedures (Appendix H).

13- Give contact people a general oral presentation of your observations
and test results. If they request it, send them a copy of the report at a
later date.

lU. Record the following temperatures and their locations,

a. On landfill

1. Soil at 3' depth Vn arep of poor vegetation growth and a
high concentration of landfill decomposition gases.

2. Soil at 3' depth in area of gjod vegetation growth.
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T
b. Off landfill

1. At 3' depth in an area not influenced by landfill.

2. Soil at 3' depth in area of peer vegetation growth.

c. Ambient air in the shade.

15. Determine depth of cover over landfill rsfiise in areas of poor and
good vegetation cover.

16. Note: Report data on "Landfill Vegetation Field Inspection Form"
(Appendix E) and "Gas Sample Analysis Form" (Appendix F).

Evaluation of Landfills Surveyed

Introduction
During 1975, 1976, and 197̂  over fifty landfills and former landfills

were visited throughout the United States and Puerto Rico (Figure 2) for the
purpose of evaluating the quality of vegetation growth on or adjacent to the
former landfi.il.

Ihe sites visited were chosen from the replies received from the .-rail
survey supplemented by information obtained via telephone conversations. A
half-dozen additional "landfills" were visited, but for various reasons they
are not included in this report - in some cases they tur.ied out not to be
true refuse landfills and sometimes we were not able to obtain encugh infor-
mation to present reliable data.

The repci-ts on the field trips are grouped by major climatic zones.
These <>ie arranged in alphabetical order according to their letter symbols.
The; detailed data are contained in Appendix I.

Landfills Surveyed According to Meteorological Regions

Ar - Tropical wet climate (Puerto Rico, 3/21-2̂ /77)--The following three
sanitary landfills were investigated in Puerto Rico between March 21 and
March 2U, 1977:

3/22/77 - San Juan Sanitary Landfill
Route £l, 7 miles soutn of San Juan.

3/23/77 - Bayamon Sanitary Landfill
Barrio Buena Vista, U-g- miles SSE Bayamon along
Route #167.

3/23/77 - Cayey Sanitary Landfill
3 miles east of Cayey off Route #1.

All of these landfills receive municipal and light industrial refuse.
Bayamon was closed in 197̂  by a court order whereas San Juan and Cayey j.re
still operating. No attempts to vegetate any of these landfills was under-
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taken; however, volunteer plants were scattered about the surface of San Juan
and Bayamon.

On the San Juan landfill combustible gas was found to be higher in the
areas where vegetation died than in areas which supported healthy vegetation.
The; root zone beneath a severely defoliated legume tree adjacent to sayanon
landfill contained higher,combustible gas concentrations than a nearby healthy
tree. No vegetation was growing on the Cayey landfill, and there were no sjgns
of lateral gas migration.

In summary, combustible gas concentrations in the soil atmospheres relate^
positively to dead and vjihealthy vegetation.

B3 - Steppe or semiarid climate (Utah and Montana, 8/30-9/5/76)-- Four
former landfills were examined in northern Utah and western Montana:

8/30/76 - Pioneer-Cannon Stakes Dairy, Salt Lake City, UT.

8/31/76 - Timpanogos Golf Courio, Provo, UT.

8/21/76 - Soutn Street Sanitary Landfill, Provo, UT.

9/03/7b - Great Falls r:<-nitary Landfill, Great Fulls, MT.

All of .these sites wer- planted with vegetation. However, only a minor
part of Timpanogos Golf Course was constructed over a former landfill, and
the Russian olive trees planted at the South Street Sanitary Landfill were
actually adjacent to the former landfill. Correlations between high combus-
tible gas and poor vegetation quality were noted at Great Falls and to a
lesser extent at Pioneer-Cannon Stekes Dairy. The row of'olive trees at the
South Street Sanitary Landfill were planted on a berm, adjacent to the land-
fill, to which no combustible gas had migrated.

BW - Desert or arid climate (Phoenix-Glendale, Arizona, 1/17-1/20/77)--
Five former landfills were examined in the phoenix and Glendale region of
Arizona:

l/lii/77 - Lei-Rio Sanitary Landfill, 7th St. , Phcenix (A)

1/18/77 - ueer Valley Park, 19th Ave., Phoenix (B)
I

1/19/77 - Johnson's Farm, Olive Avenue & ?tth Avenue, Maricopa Co. (C)

1/19/77 - Glendale Nursing Home, Olive arid j.07th Avenues, Maricopa Co. V

1/20/77 - Sutton's Farm, Northern Ave. and 103rd Ave., Maricopa Co. (E)

Combustible g..s concentrations were generally low in the soil covering
th-? refuse of these five landfills. No relation between combustible gas
concentrations and vegetation quality were found at sites A, B and D and ?.
very small negative relation (the mere gas the poorer the vegetation) were
found at sites C and E. The major problems with growing vegetation on these
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five sites appear to be a combination of rocky soil, lack cf water, surface
settlement, and transplanting difficulties.

Soil temperatures did not appear to be correlated witn the viability of
vegetation on any of the sites.

CT - Subtropical huniid climate (Southern Alabama, 6/15-2U/76)— Seven
former landfills were examined in the southern portion of Alabama:

3/16/76 - Montgomery #2 Wareferry Road, EaL.t Montgomery.

8/17/76 - Selma Sanitary Landfill, Route 80, Selma.

8/17/76 - Montgomery #1 Sanitary Landfill, Montgomery.

8/18/76 - Gautier St. Landfill, Tu:skegee.

8/19/76 - Old Dothan City Landfill, Ashford.

8/20/76 - Atmore Sanitary Landfill, Escambi^ County.

8/23/76 - Chatom City Lar:dfiU, Chatom.

A correlation was found between dead or poorer quality vegetation and
presence of combustible gases in the soil sites at Montgomery #1, Gautier St. ,
Old Dothan City, and Atmore. Little combustible gas wa's found at Mcritgomery
#2 and Selma sites and no combustible gas was found at the Chatom City land-
fill.

Cs - Suotropical dry climate (San Francisco-Los Angeles, California, 1/76)
--In the San Francisco area five sites, all of which were reclaimed from San
Francisco Bay by diking, were selected for investigation. The refuse ranged
in depth from 15 to ho feet, and in age from recent to over 80 years. The
cover material on these sites tended to be very heavy clay, but ic was fre-
quently used very sparingly. As of January 1976, three of thess sites (Marine
Park, Galbraith, and Alameda) have been converted into golf courses; the
remaining two (Mountain View and Oakland Scavenger) will become golf courses
when filling is completed. All three golf courses have been developed success-
fully, but only the Marine Park site has not experienced serious problems with
vegetation.

The three golf courses are located on refuse which contains a limited
amount of putrescible siaterial. The two landfills still to be converted into
golf courses are said to contain -mich more putrescible refuse. This could re-
sult ir. more extensive problems with settlement and landfill gases than expe-
rienced at the other sites. A positive relationship was found between high
concentrations of landfill gases and poor growth of cypress and Monterey pine
trees at the Oakland Scavenger Company's Davis Street Landfill.

Four former landfills, all con tructed by the County of Los Angeles Sani-
tary District, were examined in the Los Angeles area. They were the South
Coast P^tanic Garden, South Coast County Park, Mountain Gate Golf Course,
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and Mission Canyons #1, 2, and 3. All of these landfills have a maximum depth
of at least 100 feet. A mixture of municipal and industrial waste was deposited
at the South Coast Botanic Garden and South Coast County Park sites which \re
located in former diatomaceous earth mines. The remaining landfills, which
were constructed ir canyon1:, contain primarily municipal refuse. The Los
Angeles landfills had considerably more cover material than those in the San
Francisco area.

A considerable effort has been put into replanting these landfill? by
governmental agencies and private concerns. 1'ne results were the most succes->-
ful we observed on our tour of sites throughout the country. All of the sites
have had problems due to settlement, landfill gases or high soil terroeratures.
These problems, however, didn't c.pfc-ar to seriously detract from the overall
success of the sites.

At the South Coast Botanical Garden a direct relationship was observed
between the poor growth of vegetation and the occurrence of landi'ill gases in
the soil. There was also found a direct relationship between the occurrence
of high sMl temperatures and poor growth of vegetation. A direct relationship
between the occurrence or landfill ̂ ases in the soil and the poor growth of
yocretation was also observed at the South Coaat County Park, Mission Canyon
Landfill, and the Mounldir. Cat" r.olf Cqurse.

Pea - Temperate continental-warm summer climate (Northeast United cLatjc;
— During 1975 and 1976 t.be following 12 landfills were visited in the we.m
summer temperate continental climatic region:

6/19/75 - Huijter.Farm, Cinnaminson, NJ.

6/2U/75 - DeEugenio Bros. Peachtree Farm, Glassboro, NJ.

7/31/75 - University of Connecticut at Storrs, Storrs, CT.

8/01/75 - Farmington Sanitary Landfill, Unionville, CT.

8/06/75 - Hciyoke Sanitary Landfill #1, Holyoke, MA.

8/06/75 - Holyoke Sanitary Landfill #2, Holyoke, MA.

U/08/76 - Er.lton Park, Cherry Hill, NJ.

6/29/76 - Ker.ilworth Demonstration Landfill Project, Washington, DC.

10/1U/76 - HoltsviULe Sanitary -Landfill, Brookha\en, L.I., NY

10/1U/76 - Kings, Firk Sanitary landfill, Sm.Jthtown, L. I., NY.

1C/15/76 - Huntington Sanitary landfill, Huntington, L. I. , NY.

10/15/76 - Bethpage Sanitary Lai df ill, Oyster Bay, L. I., NY.

Eight sites (Hunter Farm, DeEugenic Bros., Farmington, Holyoke #2, Holts-

41



ville, Kings Park, Huntington, and Bethpage) have dead trees and/or poor grow-
ing vegetation directly associated with the presence of landfill gases in the
soil. However, the concentration of landfill gases at Farmington was very
low.

At two sites, Kenilworth 'and Storro, combustible gas correlated with poor
growing vegetation in some instances; however, not all poorly growing vegeta-
tion was associated with the presence of.combustible gas.

It appeared that poor planting practices and the lack of irrigation were
the major contributors to the demise of trees planted on the former landfills
at Kenilworth and Erlton Park.

Holyoke A'l was used as landfill for incinerator ash. Ho combustible gas
was detected on or adjacent to this landfill.

Seven of these landfills (Hunter Farm, DeF.ugenio Bros. , Folyoke ^2,
Holtsville, Kings Park, Huntington, and Bethpage) exhibited the correlation
of landfill gases in the soil atmospheres and vegetation death in areas
adjacent to the landfill. All seven landfills had been placed in fomer
sand and gravel pits.

?cb - "^ecrperate continental-cool summe^ nlimate (Northeast United States,
8/7!;' --The following seven landfills were ir specter during August, 1975:

5/7/75 - Roussel Park, Nashua, NH.

8/11/75- Guilderland Landfill, Guilderland, NY.

8/12/75- City of Auburn Sanitary Landfill, Auburn, NY.

8/18/75- Southeastern Oakland Incinerator Authority, Oakland Co., MI.

3/19/75- Cereal City Landfill #1, Battle Creek, MI.

8/20/75- Cereal City. Landfill #2, Battle Creek, MI.

8/21/75- Kalamazoo Landfill, Oshtemo ?wsh, MI.

There appeared to be no definite relation between vegetation injury and
landfill gases at the Roussel Park cr Kalamazoo Lancifills. However, an ex-
cellent positive relationship was noted between high concentrations of la_nd-
fill gases in the soil atmosphere ?jid dead or dying vegetation at the Guilder-
land, Auburn, Oakland and Cereal Ci'cy landfills. At the Oakland and Cereal
City landfills the major vegetation death problems were associated with
landfill gases migrating from the landfill beneath the ground. The following
vegetation was apparently injured or killed by landfill gases:

Guilderland - volunteer aspen, sumac, and weeds

Auburn - willow trees



Oakland - lombardy poplar and black oak trees, weeds and grass

Cereal City £l - red pine trees, weeds and grass

Cereal City #2 - white spruce, douglas fir, white fir, and shagbark
hickory trees

Do - Temperate oceanic climate (Washington and Oregon, 6-7/76)--Two
former landfills were examined in Seattle, Washington: East Campus of the
University ot Washington and Gtnese« Street Park. In Oregon two former land-
fills were evaluated: Day Island in Eugene, and Fowler's Farm in West Salem.

An excellent direct relationship was found between dead vegetation and/or
barren ground and the presence of combustible gases in the soil atmosphere and
anaerobic soil conditions at the two Seattle sites and at Day Island. The
death of trees adjacent to Day Island was correlated positively with the under-
ground migration of landfill gases from the landfill. High foil temperatures
were also found to be associated with landfill gases at D ly Island.

The wheat field at Fowler's Farm was growing over a former demolition
landfill vhich produced only traces of combustible gas. Where v,he soil had
not settled the wheat growing over the demolition material appeared to grow '
as well as that growing on nearby virgin ground.

H - Highlands climate (Idaho Falls, Idaho, 8/30-9/6/76)--The three former
landfills which were visited in the Highlands climate regio; were:

• 9/2/76 - Fremont Park.

9/2/76 - Red Baron alfalfa field.

9/3/76 - Idaho Falls Child Development Center.

A good positive relationship was found between high combustible..gas and
po^r quality vegetation at the Red Baron alfalfa field site, but at the other
two sites very little landfill gas was found in the vtgetation root zcnes.
Therefore, no direct relationship was observed between the poor vegetation
crowth and the occurrence of landfill gas pollution in the soil atmosphere at
these two sites.

Effects of Landfill Gases on Soil Quality

Top and subsoil samples from each of the nine climatic regions were ana-
lyzed for content of major and trace nutrients, pH, moisture, organic matter,
conductivity and for soil texture. Data for landfills within each region were
averaged (Appendix J, Tables l-9\ and analyzed statistically by Student's "t"
test, where data were svifficienc. Table J-10 contains a summary of all the
topsoil data expressed as percent change (+ or -) in each constituent as the
soil proceeded from a non-gas to a plus-gas condition.

The initial content of nutrient elements, as well as the pH of soils, in
different landfills and among climatic areas varied widely. Hcrwever, there
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was little difference in content, of major nutrient elements (magnesium, phos-
phorus, potassium, and calcium) between gassed and unga.'jced soil. Since these
elements are nor.nally present in scil in hundreds or thousands of pounds per
acre, a smaU. percentage fluctuation in content would have a negligible effect
on plant growth.

Nitrogen compounds (NO -N ai;d NH, -N) and trace elements (iron, manganese,
zinc, copper, and boron) which are normally present in. much lesser quantity,
increased man.'/ fold in soil with high concentrations of gas in their atmos-
pheres. In particular, the ratio of iron to nanganece, a critical value in
soil fertility, was frequently above the recommended range, for adequate plant
growth. .

Conductivity which is a measure of total ion activity was. understandably,
increased as well.

Soil pH was either increased or decreased, depending on tiw original con-
dition of the soil; the pH of highly alkaline soils, such as those in Utah
(steppe) and Idaho (highlands), decreased, vhile the more acid sol Is of the
Northeast and Northwest increasf.-d in pH value.

Comparison Between Field Observations and Mail Survey Reports of Lar.dfill
Vegetation Conditions

Approximately 60 refuse landfills were visited during the 1975-77 field
survey of landfill vegetation conditions. Thirty-seven of these had been
reported through the mail survey prior to the field inspection. A comparison
of what was reported by mail and what was found in the field indicated that
about 23 (62%) of the responses were correct ana about lU (jŜ ) weie inaccu-
rate.

The apparent conflict between what was reported by mail and what was
found in the field for more than one-third of the reports was possibly due,
in part, to errors in .'.nterpretation of the information supplied and to having
many of the mail survey questionnaires completed by people ŵ .o had not person-
ally examined the landfill sites to determine the condition of the vegetation.

Table 8 presents the vegetative growth information reported by mail and
the field observations from the sane sites. The apparent accuracy of the
mail survey report is given for each site. It was sometimes difficult to
evaluate the accuracy of the mail report as simply either jcood or poor, siu-je
in a number of cases fiold examination indicated that part o" the report was
found to be correct and part incorrect.
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TABLE 8. COMPARISON BETWEEN FIELD OBSERVATIONS OF LANDFILL VEGETATION CONDITIONS

AND REPLIES TO THE MAIL SURVEY OF VEGETATION CONDITIONS

Climate *

AT

Bsh-iiw

Bsh-Bw

Bsh-Bw

bsh-Bw

Bsk

Bsk

Cf

Site

San Juan Landfill
Sftn Juan, Puerto Rico

Deer Valley Park
Maricopa County
A 7*1 7 OP.1?

7th Street Landfill
Phoenix, Arizona

103rd Ave. Landfill
Maricopa County
Arizona

Olive Ave landfill
Maricopa County
Arizona

Great Falls S.L.F.
Great Falls, Montana

Pioneer-Cannon Stakes
Dairy
Salt Lake City, Utah

Montgomery City
Landfill
Montgomery, Alabama

Reported by Mail

Problems on the
landfill

Problems on landfill

Problems adjacent
to landfill

No problem';

No problems grass
on landfill

No problems on
landfill -

No problems with
grass, trees and
shrubs

No problems growing
grass, trees and
shrubs

Observed in Field

Problems on landfill

Grass doing poorly
Cause not known

Dead trees near adja-
cent homes observed

Had been farmland
Farming was abandoned"
due to settlement and
gas

Landfill converted to a
nursing home, grass and
trees doing well

Wheat crop on landfill
failed

Vegetation doing very
poorly on this site

Nothing planted only
volunteer vegetation
on site, mostly weeds

Accuracy of
Mail Stateij:cr»t

Good

Good

Good

Poor

Good

Poor

Poor

Poor

(continued)



TABLE 8. (continued;

Climate *

Cf

Cf

Cf

Cf

Cf

Cs

Cs

Site

Tuskegee Landfill
Tuskegee , Alabama

Dallas Co. Landfill
Selma, Alabama

rlscanbia Co. Landfill
Alabama

Old Dothan City
Landfill
Dothan, Alabama

Chatom City Landfill
Chatom, Alabama

South Coast Botanical
Gardens, Palos Verdes
Los Angeles, California

Mission Canyon
Los Angeles, California

Reported by Mail

No problems growing
grass, trees and
shrubs

No problems growing
grass, trees, or
shrub s

No problems growing
trees

No problems, grass
and trees on landfill

No problems growing
trees on landfill

No problems with grass
trees, and shrubs,
problems adjacent

Problems on landfill

Observed in Field

Nothing growing on
landfill at all

Trees and volunteer
vegetation doing very
well

Trees (Pines) doing
well, many were chloro-
tic, scse erosion

Nothing observed planted
on landfill, some trees
adjacer. ;, declining gas
suspected

Trees doing well
(seedlings)

Good sucess on landfill
But some problem areas
were observed

Grass doing well, severe
settlement problems
observed

Accuracy of
Maij. Statement

Poor

Good

Good

Poor

Good

Poor

Good

-C
ON

(continued^



TABLE 8. (continued)

Clinate *

CE

Cs

Dca

Dca

Dca

Dca

Dca

Dca

Si'.s

Oalbraith Golf Course
Oakland, California

Alameda Municipal Golf
Course
Almadea, California

Oxon Cove Landfill.
Delaware

TVA, Land. Between the
Lakes Park Landfill
Kentucky

Univ. of Connecticut
Experimental Plot
Storrs, Connecticut

Farmington City
Landfill
Unionville , Connecticut

C*verpeck Creek
>acker.sack, Uew Jersey

Prin:eton Disposal
S.L.F.
South Brunswick,
New Jersey

Reported by Mail

No problems, with
grass, trees, or
shrubs

Problems on landfill

Grass growing on
landfill

No problems growing
grass on landfill

Problems on landfill

Problems adjacent to
landfill

Problems on landfill

Problems adjacent

Observed in Field

Problems observed due to
thin cover, settlement,
and gas

Severe settlement
problems observed

Wild vegetation, no
planted vegetation

Grass growing on
landfill, seme erosion
problems

Grass and alfalfa w.is
growing noticably poorer
ove* refuse

P'.or growth of volunteer
speciec v/as observed on
landfill, no evidence of
problems adjacent

Some problems were
observed but in all a
successful operation

Leachate, indicating
adjacent wood lot,
landfill disrupting
surface drainage,
flooding trees

A".'"iacy of
Statement

Poor

Good

Poor

Good

Good

Poor

Good

Good

(continued)



TABLE 8. (continued)

Climate *

Dca

Dca

Dca

Dca

Dca

Dca

Deb

Deb

Site

Earle Landfill
Naval Ammunition Depot
Colts Neck, New Jersey

Cinniminson b.L.F.
Cinniminson, New Jersey

Kenilworth Landfill
Washington, DC

Holtsville S.L.F.
Brookhaven
Long Island, Nev York

City of Madison
S.L.F.
Madison, Wisconsin

Jackson City S. L.F.
Jackson, Ohio

South- East Oakland
Incinerator Co. S.L.F.
Detroit, Michigan

Cereal City S.L. I1.
Battle Creek, Michigan

Reported by Mail

No problems growing
grass, trees and
shrubs

Problems with vege-
tation adjacent to
landfill

No problems with grass
and shrubs on landfill
Some problems witn
trees

Problems on landfill
Grat;r, growing on
landfill

1) No problems with
grass on landfill

2) Problems with grass
on landfill

i-Jo problems with
grass, shrubs and
trees on landfill

Problems adjacent to
landfill

Problems adjacent to
landfill

Observed in Field

Pines planted-dv-.ing well
Good cover of wild
vegetation

Corn, sweet potatoes
killed on adjacent
farm

Grass doing well over
most of site, many trees
transplanted to site
were dead

Trees and grass not
doing ve;y well on
landf:!!.' Trees killed
adjacent to landfill

Grass generally icing
well on landfill but
areas did exist which
wouldn't support grass

Landfill largely
unvegetated

Poplar trees and wild
sumac killed adjacent
to landfill

Trees killed on two
sides of landfill

Accuracy of
Statement

Good

Good

Good

Good

Good

Poor

Good

Good

(continued)



TABLZ 8. (continued)

Climate *

Deb

Dob

Deb

Do

Do

H

Site

Holyoke, S.L. F.
Holyoke, Massachusetts

City of Auburn S.L. F.
Auburn, New York

Guilderland S.L. F.
Guilderland, New Yor)

Day Island Landfill
Eugene, Oregon

Union Bay
Univ. of Washington
Seattle, Washington

City of Idaho
Falls S.L,F.
Idaho Falls, Idaho

Reported by Mail

Problems with vegeta-
tion on la-idfill

No problems with grass
and shrubs on landfill
Some problems with
trees

No problems with
vegetation on
landfill

Good grass growth,
Some trees dead

Good grass cover

No problems growing
grass on landfill

Observed in Field

Not much vegetation cii
landfill. Seme der.d
trees observed

Grass and trees doing
well over most of the
site. Some trees were
having problems on the
site

Nothing was planted on
landfill. Volunteer
vegetation having
problems

Mostly good grass growth
but ;;ome dead spots.
Nu>iL>er of dead trees on
and adjacent to completed
landfill

Numerous poor or no
growth areas associated
with high concentrations
of landfill gas

Grass graving well on
landfill. Some problems
with trees observed on
landfill

Accuracy of
Statement

Good

Good

Poor

Good

Poor

Poor

(continued)



TABLE 3. (continued)

Abbreviation

Ar

3sh

Bsh-Bw

Bsk

Bw

Cf

Is

Dca

Deb

Do

H

*CLTMATES

Description

Tropical wet

Steppe semiarid, not

Steppe semiarid-e.rid, hot

Steppe semiarid cold

Desert or arid

Subtropical humid

Subtropical dry sunv.<;r

Temperate continental warn rumrr.er

Temperate continental cool summer

Temperate oceanic

Highland

UL
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3.

l+.

5.

6.

7.
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9.

10.

11.
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COOPERATIVE
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COOK COLLEGE
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Telephone (2011 :;2-?u';.

The Cot-perative Extension Service In cooperation with the ^e^
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Yoijr assistance in helping solve these problems by returning the enclosed
questionnaire in the self-addressed postage paid envelope vill be greatly
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Very truly yours,

Franklin B. Flower
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APPENDIX B

OMB No..158s 75C05
Approval Expires 6/?t

QUESTIONNAIRE: TO DETERMINE THE EXTENT OF VEGETATION GRO'mi PROBLEMS
ASSOCIATED WITH SOLID WASTE REFUSE LANDFILLS

Do you know of completed refuse landfills where there have been proll?ms
in growing vegetation on their co-ver material? Yes No

If yes, please list those landfills that hrve had the greatest problems.

NAME ADDRESS

1. .

2.

3.

h.

~->.

Do you know of refuse landfills where there have been problems of grow-
ing vegetation adjacent to the landfill? Yes No

If yes, please list the landfills that have had the greatest problems.

NAME • ADDRESS

1.

2.

3-

5.

(continued)
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APPFJNDTX B. (continued)

Do you know of completed refuse landfills that have been able to grow a
good vegetative ground cover with frrw problems? Yes No

If yes, please list those completed landfills that are growing good
vegetative covers and the type of cover they are growing.

TYPE OF CO'.TR
NAME AND ADDRESS

1.

2.

3-

U.

5.

Grass Shrubs Trees Other

If you have any comments on the effects of buried solid waste on living
surface vegetation we woulr. certainly appreciate hearing them. We would also
appreciate your adding your name and address to this sheet and returning it
to ?r=->!•• Flow-r. Cock College, Rutgers University, New Brunswick, New Jersey
08903 in the enclosed self-addressed postage paid mailing envelope.

Name

Title

Please send me a summary
of the results of this refuse
landfill - vegetation study
when completed.

Address
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APPENDIX C

CLASSIFICATION OF MAIL SURVEY SOURCES

ORGANIZATION

1.
2.

3-

u.
5.
6.
7.

8.

9-

10.
11.
12.

13.
1U.

15.

16.

State Soil Conservation Service Offices
County Agents and Selected Specialists

in New Jersey
State Cooperative Extension Service

Directors.
EPA-SWMP Regional Representatives
State Solid Waste Management Agencies
Publications
S.W. P.lejining Cours . Registration,

6/13-15/7.-
APWA Educ. Fan. R'if. Col. and

Disposal Workshop, 5/9-10/72 Reg.
Sanitary Lfndfill Design Seminar,

6/28-29/73 Reg.
New Jersey Conservation Districts
Major Solid Waste Management Firms
Engineering Foundation SLF Conf.

8/13-18/72 Peg.
Other
Gas and Leachate from Landfill Conf.

3/25-26/75 Reg.
Solid Waste Processing Div. ,

ASME Membership
New York State Scil Conservation

Districts

1975
D;" te Number Form Letter
Sent Sent No.

5/19

5/19

5/20
5/29
5/30
6/2

6/2

6/2

6/5
6/6
6/6

6/12
6/5-12/31

7/18

7/20

9/25

TOTAL 1

57

60

63
10
58
33

15

19

55
15
10

8l
130*

191

191*

12

,003

1

2

3
U
5
6

7

7

7
7
7

7
7

7

7

7

* - Approximate number
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APPENDIX V

LIST OF "SIELD EQUIPMENT

1- compass
2- pen and note pads
3- 6' and 50' steel tapes
I- strin.j
5- camera and film
6- vegetation I D bocks
7- roller tape
8- pail
9- clip board

1C- felt marking pens
11- close up lenses for camera
12- hammer and mallet
13- screwdrivers
It- wrenches - adjustable and pipe
lc- pliers - standard, long nose,

water pump
Ic- garden trowel
17- tool boxes
15- masking tape
1;J- electrician's knife
20- plastic bags for soil samples
21- shovel
22- soil profile extractor
23- 3" soil auger
2-t- first aid kit
25- ba^3 to carry equipment and

supplies

26- gloves
27- insect repellent
28- boots
29- thermos
30- soil sampling procedure - SOP
31- gas sampling procedure - SOP
32- vater sampling and testing

procedures -, SOP
33- files for reports
3^- preaddressed mailers
35- refill for 3' bar hole maker
36- Exclosimetor with extra cata-

lyst and 10/1 dilution tube
37-
38-

39-
1+0-
i+l-
1+2-
U3-
W+-
1*5-
1*6-

0 analyzer

2O?) CO analyzer

60% CO analyzer

3' thermometer
extra tips for bar hole
water analysis kit
3' gas sampling probe
paper clips and rubber
rubber stoppers
00 and CO refills

maker

bands

1+7- 0 and CO analyzer repair kits

1+8- Explosimeter calibration kit
1*9- 3' and 1+' bar hole makers
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SITE:

APPENDIX E

LANDFILL-VEGETATION FIELD INSPECTION FORM

DATE:
Name
Address

Phone

CONTACTS:
Names
Addresses

Phones

LANDFILL:
Size
Cover (Quantity and Quality)

Daily
Intermediate
Final

Refuse
Type
Depth

Degree of Compaction

TEMPERATURES: (°F. and Location)
Ground (3 ft. depth)

Over Landfill - Good Growth
Poor Growth

Virgin Land -
Ambient (in siu.de) -

Settlement
Leachate
Odor
Age

Started
Completed

Cell Size
Current Use
Ultimate Use

(continued)
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ff
APPENDIX E. (continued)

Vegetation (Quantity and Quality) ' n Landfill
Grass
Shrubs
Trees
Other

Vegetation (Quantity and Quality) Adjacent to Landfill
Grass
Shrubs
Trees
Other

General Notes and Observations; (Include an outline map of area.)



APPENDIX F

FIELD GAS SAMPLE ANALYSIS FORM

*Soil Sample Taken

COMBUSTIBLE GAS AT

SITE

-

1' 2'

LL 10/1 20/1 LL 10/1 20/1

3'

LL 10/1 20/1

1' 1'

*°2 % co2 - REMARKS
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APPENDIX G

FIELX SOIL SAMPLING PR^EDURE

a. Select and map site.
b. Locate sampling stations in areas of gcoc' ~nd poor vegetation growth.
c. Take samples from three or four points witt»in sampling Lcations \.c

reduce the chance of taking samples from &n tuiindiger.ouf arta.
d. Avoid surface contamination such as fertilizer or garbage. To uvci'i

contamination when taking samples do si quickly and firmly. Without
rotating the sampling tube insert the tube directly in>,o the soil. A
bucket can be used ;o transfer the coil irom the sampici to the ba;;.
U.<e 3" i^oil auger or garden trowel to obtain sample when .3-.»Eplir.g Lube
c innot be used.

e. dbtain a pint of both surface soil (top:;oil)and subsoil for analysis,
.•'ill two sampling bags. Take the surf act soil simple f.rst.

f. Measure the depth of tno toj.?'-.il.' If the LOp:6il is IL-SO . th:u: b" dt.--i
take the surface soil sample from the first 8" o: coil; if tht tc.-soiL
is more than 8" deep take the surface sô "1. sample from the total it^'.ti
o-" the topsoil.

g. Take the subsoil sample from the next 8" of soil depth using tne ia:;e
hoi-j(s) from which the topsoil sarple was obtained.

h. At the time of sampling, characterize the soil as to whether it i;. wet,
moist, or dry, by squeezing it. Water will dri[ from wet soil when
squeezed, mor.st soil will remain as a ball, while dry soil will cntnble
after being squeeze!

i. When putting the sample in the bags for transport to the soils labora-
tory be sure 4.o S';al them tightly to prevent water lous.
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APPENDIX H

FIELD LEXCHATE SAMPLED AND ANALYSIS FRGCEPURE--

The following method, for sampling leachate was established.

1. Secure a s^iple of the leachate in a glass or polyethylene bottle
(100-200 cc).

2. If the solution is very dark, it may require dilution with distill'/;!
water lief ore applying the color tests.

3. Test for the following components by methods described in the Hach
Water Testing kit. . Be sure to rinse the vials with distilled wafer-
after each test.

a. pH
b. Free ar.u total acidity
c. Alkalinity
d. Copper content
e. Iron content
f Chloride content

It. Determine total conductivity by means of the Beckrcan Mho-Gun.
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APPENDIX I

DETAILED OBSERVATIONS AND FIELD DATA FROM LANDFILL SITE .SURVEY

AE-TPOPICAL WET CLIMATE

San Juan Sanitary Landfill, Puerto Rico

In 196? the San Juan Landfill, located seven miles south of the city of
San Juan on Route #1, be£,an accepting incinerated municipal refuse and light
industrial .-efuse. In 1972, after the inci.nerator wac closed, sanitary
landfill operations began. The 100-acre landfill new accepts approximately
1700 tons/day of municipal and light industrial refuse which has reached a
depth of eighty feet in some places.

The daily cover spread at the end of each day's landfilling ranged from
zeu -o six inches during the period of tii.ie this site has been operated as
a sanitary landfill. In areas where Iflndfilling has been completed, the
final cover ranged from six inches to twelve inches. Much of the refuse has
been placed in a low lying .marshy area, presxunably above the water table.
However, according to Charles Romney (Natural Resource Specialist, 1550 Ponce
Leon Boulevard, San Juan, Puerto Rico) the majority of the refuse was dumped
into the water lying in the marsh.

The coj.pleted portions of this landfill have not been planted with
vegetation and are currently not being used by anyone. Volunteer vegeta-
tion has established itself in some areas '•'here the final cover is the
leepest. However, much of the aref is devoid of vegetation. A continually
burning landfill fire on the north side of the landfill was responsible for
the death of a group of adjacent trees when the fire flared up and began
burning the leaves on the trees.

One volunteer legume tree growing near the edge of the same face has
died this year. Combustible gas at three feet beneath this tree was about
seven percent. Twenty feet away and still on the edge of the refuse, was a
living lesuue tree with no combustible gas in the root zone down to three
feet. Soil samples wers taken to better ascertain the cause of death.

Approximately 500 feet southeast of tr.ese legume trees was a group of
cucurbit (cacumberlike) plants. In the area of good grcvth, no combustible
£RS was found at one foct, trace amounts were found at two feet, and ten
percent at three feet. The gas at three feet probably has little if any
effect on the growth and sur.ival because of the shallow root system. In a
generally barren area twenty feet away, combustible gas was found in trace
amounts at one foot, and at two feet reached fc rty percent of the soil
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gas atmosphere.

In summary, combustible gat) related positively to dead vegetation and
bare cover soil.

Eayanon Sanitary Landfill, Puerto Ricu

In 1970, the municipality of Bayaraon began operating a sanitary landfill
for the disposal of municipal solid waste. The landfill is located at Barrio
Buena Vista, about four and a half miles south- southeast of Bayamon along
Highway #167. Operations in the landfill were begun ir 1970 and discontinued
in 1971* by order of the United States District Court .in San Juan. Puerto Rico,
as a result of a lawsuit by residents of. tht area.

Prior to the closure of the landfill, and at the request of the United
States District Courr . the United States Geological Purvey conducted a field
test and collected ai. .1 analyzed 'samples of the- leachate flowing from the
landfill (June and July 1972). The results of these analyses is reported in
the proceedings Gas and Leachate frr>m Landfills; formation, Collection and
Treatment , (EPA-600/9-76'-OOl.) , 'Jniteil'Ttatec Environmental Protection Agency,

"natl , Ohio.

The landfill covers approximately ten acres. No vegetation was planted
on' the landfill; however, thick grass covered most of the sit* and a few
small volunteer trees and shrubs are scattered about the site. Tne combusti-
ble gas concentrations could not be determined beneath any of the trees or
shrubs on the landfill because the ground contained too many rocks.

Adjacent to the landfill, on the south slope, were two large trees.. One
of these had lost all of its leaves during the previous year and another,
forty feet away, was healthy. High combustible gas concentrations werr
found in t-ne root zone of the dead tree but no combustible gas was found
beneath the living tree. 0- and C00 readings were similar beneath both trees
and the soil temperatures averaged about 90 °F.

Leachate was streaming frcm the bottom of the south slope of ths land-
fill and running over the soil around a group of large trees growing adjacent
to the refuse. Many of these trees have died, particularly the large ones
in the area where the leachate is running.

In summary, no trees were planted on the landfill; however, volunteer
grasses and shrubs Lave completely covered the area, but the cover was too
rocky to obtain soil gas readir.js Adjacent to the landfill, combustible
gas was found beneath a dead tr°e and no combustible gas was found beneath.
a living tree. A number of trees adjacent to the landfill have also appar-
ently been killed oy excessive Leachate.

C ayey Sanitary Landfill, Puerto Rico

This forty to fifty acre operating landfill, located three milei east of
Cayey off Route #1, receives approximately six tons of municipal and light
industrial refuse every day fron a few surrounding communities. Operation
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bfgan in 1971 by filling a canyon. By March, 1977 it was up to eighty feet
d icp in the center. Daily cover is scrai.ed off of an adjacent ridge on the
rorth end of the area and placed over the refuse at the end of each day's
operations. Approximately six inches to one foct of daily cover is used.
It'o leachate or settlement was apparent.

No attempts have ever been made to vegetate this landfill. In addition,
no volunteer plants occupied any part of this site. However, adjacent to
the south side of the landfill is a sugar cane field which has been aban-
doned for reasons other than the landfill's' impact. No migrating combustible
gas was found in this field but the relXise has been adjacent to the field for
only three months.

When the Cayey Sanitary Landfill is completed it is planned that tennis
ind basketball courts will be built and various trees and shrubs will be
nlanted.

33-STLPPE OR SEMIARID CLIMATE

Pioneer-Cannon Stakes Dairy, Salt Lake CJty, Utah

T.hi•" lormer 150+ acre landfill vas reported to be currently used as •
pasture land. Examination of the site revealed that the area is located in
lovlondc near the Great 5-Jalt Lake, where the salt water' table is close to
i'-;e surface. Municipal refuse had been deposited in this area with the hopes
•.::.. it would raise t>.e level of the soil above the water table so that the
.-;all could be leachea out of the soil.

Two fields were examined. The field completed in 1975 was planted in
lv?6 with alfalfa and sudan grass. Neither crop was observed growing at the
tine of our inspection. Instead only weeds were observed growing in this
fielc.. The second field had been completed as a landfill in 1960. This was
the third year that a crop was planted on it. There was noticeably better
growth in this field than in the first field.

Carbon dioxide and combustible gas concentrations were much higher ar.d
oxygen much lower in the poor vegetation growth field than in the better
(record) field (Table J-l). Although tne second field showed generally good
grov-ti: -here were large patches in the field where nothing was growing. Com-
bustible gas readings were the same in the no-growth areas of this field as
in the areas where the vegetation was doing very well. It is suspected that
high salt concentrations may be responsible for these no growth areas.

Settlement was noticetble in1 both fields. The farmer who cultivates
these fields reported ttv.t this settlement hinderc the operation of the
farm equipment. The settlement also leaves depressions that cause ponding.
This is a problem because the ponded water collects salt from the subsoil
which remains on the surface after the water evaporates.
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TABLE 1-1. PLPCJLNT COMPOSITION* OF SOIL GASES IN FIELDS WITH
'GOOD AND POOR VEGETATIVE GROWTH

PIONEER-CANNON STAKES DAIRY, SALT LAKE CITY, UTAH

Good Alfalfa Growth

Samule Depth 2' 3'

0,, - 17

Weeds Only

2' 3'

10

CO, <0.5 22

Combustible Gas

*A\erage of 2 to 11 readings

Tirr.pancgos Golf Course, Provo, Utah

"he Timpanogos Golf Course is located on South Street, ea:;t of Interstate
ip, between iast Street and UniversJty Avenue in Prove, Utah. Nine holes of
the Golf Course were reported to be built over a former refuse landfill.
V.'r.cn combustible gas checks were jiiade in thij area Howard the r:outh end of
the course, it was apparent that no refuse had been placed in this area,
s:nce no combustible gas was detected. We were then informed by the goJ.f
ccirse superintendent that only a small area between the tenth and fourteenth
fareways had been filled with municipal refuse. This small area, which was
filled in 19̂ .6, measures approximately 200 feet long ar.d 35 feet wide with a
maximum depth of six feet. Combustible gas reading at one tpo% was about
thirteen percent of the soil gas atmo.;phf.'re at the two foot depth. Here
considerable settlement had resulted ::.n very noticeable undulations of the
srrjunc surface. The grass in this and all other areas where refuse was
placed wa;; growing just as well as on that part of the golf course where
there was i.o refus°. rio combustible ^ as was recorded at one foot anywhere
in the settled area. The Irrigation cf the grass probably promoted a shallow
roo^ system. This may explain the gocd grass growth despite the presence of
combustible gas at the two foot depth in one location. The roots are prob-
ably growing above the combustible gas.

South Street Sanitary Landfill, Provo, Utah

This 100-a:re landfill was completed in 1973 with the placement of
municipal refuse in depths of ten to fifteen leet. One side of the landfill
adjoins a major highway (Interstate 15). Rubsian olive trees were planted
along this side of the landfill. Although these trees were reported to have
been planted on the landfill, it was found that they had been planted on a
soil dyke surrounding the landfill. The trees were in good condition and
ranged in height from nine to twenty feel. No combustible gas was found
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along the 1,000 foot length of this tree planting. The soil appeared to be
of a better quality where the trees were growing than that on the landfill
where very little vegetation grew. At one point en the landfill the com-
bustible gas concentration was found to be greater than fifty percent at
the one and a half foot depth.

At this landfill the soil dyke apparently prevented the gp.sej of anaer-
obic decomposition from migrating horizonatally out cf the landfill.

Great Falls Sanitary Landfill, Great Fall.;,. Montana

• The 25+ acre Great Falls Sanitary T̂ jidfill begun operation in 1963 with
the acceptance of municipal refuse and some agricultural wastes. This conti-
nued until around 1973 when shredded refuse was also accepted. Shredded
Defuse was placed over that part of the landfill now occupied by a wheat
field. Six inches of daily soil cover was placed over the non-shredded
refuse,-but no soil cover was spread over the shredded refuse until the end
of the filling operations in ."'-975 when twelve to eighteen inches of final
cover rfas spread.

In the fall of 1975, following the completio-i of the sito, part of the
former landfill was seeded with winter wheat as was an'adjacent field on
virgin land. According to the owner, the vheat germinated normally in the
fall of 1975 and survived the winter as did the vheat planted on virgin
land. However, with the onr,et of the summer dry period the wheat on the
landfill began to show signs of chlorosis and remained .stunted. Dieback
was extensive. The total wheat yield from the landfill area was about one-
half that normally expected from a field this size. It was reported that
the wheat in certain areas of the refuse-filled area did not grow taller
than three to four inches.

Combustible gas and C00 readings in these severely growth-stunted areas
were higher and 00 concentrations lower than in the areas of better gro>rth
(Table 1-2). A v£ry good correlation exists between the presence of com-
bustible gas and stunting and dieback of the wheat plants.

TABLE 1-2. PERCENT COMPOSITION OF SOIL GASES IN WHEAT FIELDS
WITH GROWTH OF DIFFERENT QUALITIES

GREAT FALLS SANITARY LANDFILL, GREAT FALLS, MONTANA

Excellent Growth* Good Growth** Poor Growth**
Sample Depth 3' 1' 3' 1' 3'

16

12

12

21

Combustible Gas 12

*Gff landfiJJ.
**Gn Landfill
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EW-DESERT OR ARID CLIMATE

Del-Rio "an.ltary Landfill, Phoenix, Arizona

The thirty-five foot deep Del-Rio Sanitary Landfill, which covers 1/3
square mile, is presently operated by the? city of Phoenix, Arizona. '̂ c-.r-e
sections of the landfill have been completed. One of these areas adjacent
to the scale house was planted with a number of cottonwood trees in 19?4.
Most of'Our investigative work was done here.

The landfill begtn operations in ]9t>9 using a cell siz.3 of approximately
300'/6U'/8' and accepting only municipal refuse. A caterpillar type bull-
dozer was used both to compact the refuse and spread ^he six inches of daily
cover as well as the thirty inches of filial cover. Because of the geologic
history of the Phoenix area, the c^ver material contained many round rocks.
Consequently, the soil in which the cottonwcod trees w^re planted had to be
imported from another area.

Five of the six cottonwood trees planted adjacent te' tne scale hou3e
were planted in 3' 6" inside diameter, 6' long cement dr:iLn pipes. These
vertically set pipes extended two feet above the surface of the cove: mate-
rial. The sixth tree was not growing in a cement pipe tut was pleated in
the cover material.

No combustible gas was found at any depth in these containers except
for a trace in one container at three feet (Table 1-3). Combustible gas
averaged 1-2 percent at two feet beneath the tree not planted in the con-
tainer. This tree appeared to be the most healthy of the six trees. Four
of the five containers supported grass growth while no grass was growing in
the fifth container. The cottonwood in this container has died and was the
third tree of three which had been planted and died in that container. The
poplars in the four other containers did not appear completely healthy, but
they had grown this year and next year's buds appeared normal.

There appeared to be no correlation between combustible gas concentra-
tion and the health of the poplar trees. Although some combustible gas was
present in the root zone of the mostly healthy poplar, it did not appear to
effect the viability or growth of the tree.
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TABLE 1-3. PERCENT COMPOSITION* OF SOIL GASES AT
DEAD AND LIVING FOPIARS

DEL-RIC SANITARY LANDFILL, PHOENIX, ARIZONA

Sample Depth

o.

co2

Combustible Gas

Living

2'

-

-

1-2

Ponlar

3'

21

2

-

Dead

2'

-

-

0

Poplar

3'

21

1

-

1*l-2 readings

Deer Valley Park.. Phoenix, Arizona

Six acrjs of this landfill have been vegetated in anticipation of deve-
loping the site into a municipal CGI.? ^carso. -There is six to eighteen feet
of municipal refuse in t-.e landfill wit.i cover thickness ranging from about
thirty inches to ten fee:

Bemuda grass WPJ planted over the entire area and was observed to have
difficulty growing on the site. There were many patches over the site where
the gras.c; wasr.'t growinj. No correlation was found between these patches
and the occurrence of landfill gases in the soil (Table I-U). There was also
no visible difference in the growth of the grass between the area where the
cover was thirty inches thick and where it was ten feet thick.

TABLE I-U. PERCENT COMPOSITION* OF 30IL GASES IN FIELDS
WITH'GOOD AND POOR GRASS GROWTH

DEER VALLEY PARK, PHOKNIX, ARIZONA

Samrle Depth

Good Growth

1' 2'

Poor Growth

1' 2'

o,

Combustible Gas

20

k

20

k

0.5

*l-2 readings



Adjacent to the landfill there was obrerved a number cif dead and lying
trees which had. been transplanted to the site. Three of these trees w^re
examined and combustible gas. About 2$ was found at a three foot deptli near
only one of them.

It appears that the problems with the vegetation'on and adjacent "c thi;
landfill are caused by something other than landfill gases, such as,lack of
water or poor soil conditions.

Johnson's Farm, Maricopa County, Arizona

This former sanitary landfill of 9-1 acres was completed in December
197C aftf-.r bein^ operated for a year and four months. The landfill contains
an Average of nine feet of municipal refuse with thirty inches or less of
cover material.

The site had been planted with barley for three to four years. The.
farmer reports that the yield from chis area was one-fourth of the yieli
from adjacent virgin land. The plants were only half as high in this area,
the roots were stunted and there was poorer gemination in the field over
the refuse. Settlement was al;o reported to be severe enough to hinder the
operation of farm equipment and disrupt surface drainage.

At the time that this data was collected the field over the refuse wac
fallow. The fanner had given up in his attempts to fai-n the site. The soil
appeared to be of noticeably poorer quality in the field over the,refuse
than the adjacent virgin land. There were barren patches among the- weeds
and barley that ,?rew on the site. . In these areas where nothing VF.S growing
combustible gas <-onccntrations were found to range from four to five percent
at a depth of one foot, and from fifteen to thirty percent at the three foot
depth. In areas on the refuse where the vegetation was doing fairly well no
combustible gas was found at the one to two foot depth. No combustible gas
was found in the active farm field adjacent to the former landfill farm
field (Table 1-5). The farmer, reported that tht barley planted in the field
off the landfill had grovn much better than the barley on the landfill.

There does appear to be a positive relationship between the poorest
barley growtn bind the presence of landfill gases.
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TABLE 1-5. ' PERCENT COMPOSITION* OF SOIL GASES IN BARLEY FIELDS
WITH GOOD AND POOR GROWTH

JOHNSON FARM, MARICOPA COUNTY, ARIZONA '

Sample Depth

oa

CO,

Combustible Gas

Good Growth"*

1' 3'

20

0

0 0

Fair-Poor
Growth***

1-

21

0

0

2'

-

-

0

Very ;Joor
Growth***

1'

18

5

c

3'

-

-

23

^Average of 2 readings
**0ff landfill ' ,
***0n landfill

Glendale Nursing itcme, Maricopa County, Arizona.

The Glendale Nursing Home was built :n 1975 en the site of a former
sanitary landfill. The refuse was removed frc.-i the area where the building
was located and replaced with clean fill and crushed rubble. However, the
refuse remained beneath the area where landscaping plarts were planted.

Landfilling with municipal refuse began on this site in 1960 and was
completed in 197̂  to a depth of approximately fifteen feet. Six inches of
daily cover were spread at the end of each day's filling and about thirty
inches of final cover was placed at the completion of the landfilling oper-
ations.

In the summer of lc_7o the area surrounding the building was planted with
grass and various tree specie's, including olive, orange, and palm trees.
Silver dollar trees were slanted in December 1976. Settlement areas in the
lawn and in one of the paiking lots accumulate water when the irrigation
system is turned on. Despite frequent irrigation, approximately one-quarter
of the trees planted were dead or showed signs of stress as of January 19,

1977.

No combustible gas was found beneath any of the trees on the site except
for one trace reading at three feet under one living palm tree. However,
carbon dioxide concentrations reached 9 percent and U.5 percent beneath two
dead silver dollar trees while no carbon dioxide was found beneath a living
silver dollar. However, this situation was reversed beneath two olive trees
where the highest CO (8£) was found under a living olive tree and the low-
est concentration (2$) beneath a dead olive tree (Table 1-6).
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TABLE 1-6.' PERCENT COMPOSITION* OF SOIL GASES BENEATH
LIVING AN1J DEAD TREES

GLKNDALE NURSING HOME, MARICOPA COUNTY, ARIZONA'

Living,Trees

Silver Dollar Olive

Dead Trees

Silver Dollar Olive

Sanrole Denth 27" 3o"

00 £0.5 12
2

C00 0 8
2

Combustible Gas 0 0

15" 36"

15 21

7 2

0 0

^Average of 1-2 readings '

No consistent relationship vrere found between vegetation survival and
presence of combustible gas or carbon dioxide. The dead plants appear to
have succumbed because of transplanting difficulties.

Cai Sutton's Farm, Maricopa County, Arizona

Sir.ce this thirty- eight acre solitary landfill was completed in 1972
wmtat, cotton, and barley have been grown on this site in altarnate years
wit.h the aid of regular irrigation.

Municipal' refuse was deposited in this area from December, 1970 to
April, 1972 to a total depth of fourteen feet. Six inches of daily cover was
spread ov.r the refuse at the completion of each day's operation, and two to
three feet of cover material was spread as a final cover.

The yield fi om this landfill field is as much as forty percent below
that obtained from an adjacent field on virgin land. The sol?, on the former
landfill field dried quicker, requiring more frequent irrigation, than the
adjacent virgin field. Settlement has caused many undulations throughout
the: field forcing the fanner to fill in tne settled areas with soil from
unsettled areas of the field thereby creating > non-uniform soil depth
throughout the field. Many of these settled areas supported little vegeta-
tion.

Combustible gas readings were taken in two good growth areas and two
poor growth areas on the former landfill field.• Mos^ of the test points
could not be penetrated beyond one foot because the soil contained many
lar(;e rocks; however, three points were penetrated to three i'eet The soil
b^nune considerably softer and easier co penetrate at two feet indicating
that perhaps the refuse began at this depth.
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Very low combustible gas concentrations (averaging about two percent)
were recorded at one foot in a poor barley growth area, and no combustible
gas was found in the good growth areas. However, at three feet, the com-
bustible gas concentration was about fifteen percent beneath the good growth
area.

Barley growth on the former landfill was poor although very little com-
bustible gas was found on the former landfill. Low combustible gas readings
were found in the hid growth areas while the good growth areas contained
almost no combustible gas in the topsoil (Table. 1-7). The extremely rocky
hard soil over the former landfill probably contributed to the poor growth.

TABLE I-7v PERCENT COMPOSITION* OF SOIL GASES IN VARIOUS BARLEY GROWTH
QUALITY AB7AS

GAL' BUTTON'S FAKM, MARICOPA COUNTY, ARIZONA

Adjacent to Former Landfill
Best Growth '

On Former Landfill
Good Growth Poor Growth

Sample Depth . 3'

0.
2

co2

Combustible Gas

20

0

0

20

1

trace

21

0

2.0

"•Average of 1-2 readings

CF-SUBTROPICAL HUMID CLIMATE

Montgomery #2 Ware ferry Road, East Montgomery, Alabama

This operating landfill was located in a former sand and gravel pit
covering about thirty acres. It contains general municipal refuse to a
depth of ab^ut twenty-five fee:, in most places. Adjacent to the landfill is
a fifty-acre soybean fi-ild. The refuse nearest to the soybean field is about
five years old.

The field was examined for possible landfill gas damage. The soybean
plants on the edge of a dirt .road separating '.:e landfill from the soybeans
werr- severely stunted, averaging aboi't six viches high. Plants further in
the field averaged three feet in height. This stunted area was approximately
twenty fe-»t vide and followed \ he edge of ^e road for the entire length of
the field. The farmer felt that this stunting was caused by the farm equip-
ment compacting the soil when it turned at the end of the field.
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Combustible gas checks in these stunted areas revealed that a small
amount of landfill gas was present. At a one-foot depth combustible gas
comprised an average 01' one percent, no CO was found and 0 comprised
twenty-one percent of the soil atmosphere. At a depth of tnree feet combus-
tible gas averaged five percent of ".he soil atirosphere. A very slight odor
was present one fool brneath the stunted plants.

The root systems of the stunbod plants were compared with those from
the norna! growth area. The roots of the stunted plants extended three to
four inchas into the soil while those in the normal area reached down one
foot.

Three other stunted areas within the main field up to 109 feet from the
rv?'use were checked for combustible gas. No combustible gas was found in
u.ny of these areas. The stunting in these areas was probably due to ponding.

Another stunted area located along the edge of the field was examined.
No 'Combustible gas was found in this area. The lack of landfill gacej ir
this area and the low concentrations of combustible gas where it was found
and the lack of CO where the combustible gas was found supports the farm-
er 's opinion that the stunting was due to soil compaction.

Selma Sanitary Landfi.il. ^-ute 60, Selma, Alabarnr.

This small (throe acre) landfill contains ei^ht to ten fr.ct of n.i.:.ici-
pal and li^ht industrial rtfust. The refuse was only covered occasion .illy ,
resulting in an open-dump operation most of the time. This site wa.; i:.:ed
from 1969 to 1973- Upon completion of landfilling the refuse w?.s covered
with two to three feet of soil and was planted with loblolly :>ine sei'dlii'^s.
When planted in 1973 these seedlings ranged from eighteen inches to ov^r
seven feet in height.

Very 'little combustible gas was present in the soil ovjr the refuse.
Of twenty-two test points only two contained combustible .-as at :>. aepth of
one foot. The highect reading :>.t i depth of two feet was -\bout r'ive percent ,
beneath a loblolly pine which was seventy- five ir.chej hi^h. one of the
largest treos on the sice. CJr.ce loblolly pine has a characteristically
shallow lateral root ;y .stern, two I'eet of soil should contain noct of the
roots. Although the -ree heights ranged from eighteen inches to over .:even
feet, r.o correlations were found to exist between ~ree height and the iren-
er.ce jf combujt.ibie ga..;. In general, the trees were doing as well as r.i^ht
cv ex-.. -;cted I-' sirr.il:;- soil not located over a former refuse landfill.

Montgomery "1 f.an+tary Landf iJl, Montgomery, Alabama

This operating landfill was begun in the early 1960* s. The refuse-
ranges from ten feet to fifteen feet deep ever an area of approximately
twenty acre-;.' The daily cover ranges from zero to six inches, with a :'inal
cover of about two feet. However, some areas lacked adequate cover ar.i the
refuse remained exposed. Some areas on the landfill have remair.ed flooded
fo1- long periods of tine preventing any vegetation from growing. Settle-
ment appeared to have caused the depressions in which the water accumulated.
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Trees and shruos covered the fifteen-year o"Vd portion of the landfall
while shrubs, small trees and annual weeds have became established on the
ten year cud portion. No combustible gas (or occasionally very low combus-
tible gac) concentrations were recorded in these vegetated areas. A positive
correlation was found between'high combustible <ra3 concentrations and death
of'a Kentucky coffee tree, while low combustible gas was found beneath a
living coffee Ire.? (1'j.ble 1-8).

TABLE 1-3. PESChUT COMPOSITION* OF SOIL 'V-u.ES BKNEATV. LIVING AlfD Dl-lAD
KENTUCKY COFFEi. THEE

MONTGOMERY #1 SANITARY LANDrILL, MONTGOMERY, ALABAMA

Living Tree Dead Tree

Sample Depth I' 2'

°2

CO,

21

0

20

i
2

Combustible Gas

^Average of 1-3 readings

Gautier Street Landfill, Tuskegee, Alabama

This three acre landfill operated from 1955 to 197C. Tne landfiLl
contains municipal refV;e ranging in depth ;'rom a few feet, to about twenty-
feet. There are two to three feet of final cover.

Native forest vegetation \s adjacent r o the landfi.1! on three sides.
Volunteer vegetation from this forest was i'ound growing on the site, parti-
cularly miir.osa and loblolly pine. No attempts had been made to replant
'his lanui'ill.

Two loMolly pine trees were checked for combustible gas in their root
zones; one healthy tree, ar.d one which exhibited severe dieback. Combusti-
ble gas readings were simir^r beneath these two trees,
much higher under the unhealthy tree (Table I--,-;.

However, CO was

Four mimosa trees were compared; two were experiencing severe dieback,
two wjre healthy. Combvijtible gas was Mgher 0:1 the average near the symp-
tomatic trees. CO vac found to be higher near the unhealthy trees
(Table 1-9).
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TABLE 1-9. PERCENT COMPOSITION* OF SOIL GASES
BENEATH HEALTHY AND UNHEALTHY TREES j

I
GAUTIER STREET LANDFILL, TUSKEGi£E, ALABAMA . j

Healthy Trees

Loblolly Mimosa
Pine

Unhealthy Trees

Loblolly Mimosa
Pine

Sample Depth 2' 3' 2' 3' 2' 3' 2' 3'

I

19 - 20

co2 - • o - 2g - 18 c

Combustible Gas 10 . - . 3* - **? - 17*

*Average of 1-5 readings

Old Dothan City Landfill, Ashford, Alabama

This seven year old landfill accepted municipal refuse from the city of
Ashford from 1970 to 19V1*. The reiXise was deposited in trenches dug approxi-
mately fifteen-feet deep, thirty-three feet wide and up to Uoo-feet long.
There is about two feet of final cover over this refuse.

Weeds coverpd most of the site. No trees, either volunteer or planted,
were found growing on the landfill. There were a few dozen twenty-five to
thirty-five year old loblolly pine trees adjacent to the eastern edge of the
landfill. Two of the trees had been dead for more than a year while most of
the other trees were reasonably healthy Many of the trees in this area had
damage near th<; ground as would result from a fire years before.

The two dead trees were compared with two living trees (Table I-10).
The combustible gas in the soil atmosphere near the dead trees at the one
foot depth averaged 1^ percent ar.d at the three foot depth 17-J percent.
This was considerably higher than what was found near the healthy trees.
Oxygen was found to be lower near the dead trees but more CO was found near
the living trees. The dead trees had evidence of cankering above the "fire
damage". This might have been, due to a disease. To vhat extent this could
have contributed to the demise of the trees could not be determined. The
data indicates that the trees could have been damaged by migrating landfill
gases.
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TABLE 1-10. PERCENT COMPOSITION* OF SOIL GASES BENEATH
LIVING AND DEAD LOBLOLLY PINE TREES

OLD DOTHAN CITY SANITARY'LANDFILL, ASHFORD, ALABAMA

Living Loblolly Dead Loblolly
Pioe Trees Pine Trees

Sample Depth 1' 31 I1 2'

02 21 17 -

Combustible Gas 01 li iyi

*Average of .\-8 readings from root zones of 2 dead and 2 live ^rees

Atmore Sanitary Landfill, Escambia County? Alabai^a

I Landfilling began at this five-acre site in August, 1973 and continued
! until August, 1976. It accepts general municipal refuse and wood, which is
j burned. The refuse was placed in trenches about fifteen-feet deep and forty-
! feet wide and 300-feet to UOO-feet long. It was covered daily with s;x

inches of sandy soil. The final cover over the trenches is two feet deep.
When completed the site is to be reclaimed as forest land.

The first trench was completed in February 19/fU and was planted with
fifteen-inch tall loblolly pine seedlings in March 19?U. Over 1,000 trees
were planted in rows six inches apart. Approximately twenty percent of these
trees were dead or nissing in August 1976. The living trees ranged from
seventeen inches to over seven feet tall. These pines were judged to be
doing fairly well compared with similar plantings on virgin soil by the
local Soil Conservationist who is involved in reforestation projects through-
out this county.

: The soil atmospheres were compared between whsre the trees had grown
: very well, being seventy-seven inches to ninety-seven inches tall, and where
i the trees' weren't growing well, being seventeen inches to thirty inches tall.
I Very little C0? was found anywher? on this landfill and 0 concentrations
! were found to Be about normal at a one foot depth near both groups of trees.
( Combustible gas concentrations were generally low at the one foot depth near

all of the trees, bat it was slightly higher near the poorly growing trees.
At a three foot depth there was much more combustible gai near the poorly
growing trees (Table 1-11).

This data indicates that landfill gases may be hindering ohe growth of
some of the trees, but not enough to noticeably reduce the overall success
of the site.
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TA3LT; 1-11. PEF:C£NT COMPOSITION* OF SOIL GAbES BENEATH
TALL AND SHORT LOBLOLLY PINE TREES

ATMORE SANITARY LAND*ILL, ESCAMBIA COUNTY, AIABAMA

77" to 97" Tan 17" to 30" Tall
Loblolly Pines Loblolly Pines

Samp'.e Depth 1' 3' 1' 3'

02

CO
2

ConbustibJe Gas

21

0

o 5

21

\

1 11?

*A'rerage of 2-8 readings

Chatom City Landfill. Chatom, Alabama

The Chatom City landfill was begun in 19̂ 7 to enable household refuse
to be brought here for open burning. The fill was completed in 197̂  and was
covered a', that time with one to two feet of course,sandy soil. The entire
site, including the adjacent cut over woodlot, which is used as a source of
cover material, is five acres.

Slash pine trees were planted six feet apart over the entire site in
197̂ * in order to reclaim the land. The pines were planted as twelve inch
seedlings. They were observed to range in height from twelve inches to
forty-two inches Is August, 1976.

No combustible gas was fourni in the soil anywhere on or adjacent to the
landfill. In general, the trees planted over the area where the refuse had
been cpen-burned were doing as well as the trees planted adjacent to the
refuse. Apparently, landfill gas was not a problem here because the organic*,
had been removed from the refuse by combustion prior to the final closing of
the landfill in 197!+.

CS-SUBTROFICAL DRY CLIMATE

City of Alaraeda Golf Course, Alameda, California

This eighteen-hole golf course was constructed on a completed refuse
fill in 1955. Filling operations began sometime In the 1870' s and ceased
in 1953- The composition of the refuse is variable over the site, some
areas having clean fill. About twenty feet of fill has been placed over
bay muck.
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Although in general the trees are growing veil over the golf course,

(eucalyptus are up to thirty feet tall), there are looaliz id severe problems
•with vegetation growth and surface settlement. In one case, a 15 x 20-foot
bare spot on a fairway contained combustible gas at the one-foot depth of
greater than fifty percent. Adjacent to this spot are a number of Monterey
pine trees >Mch exhibited a 3'jod deal of variability in growth although all
were planted in 1957. Almost no combustible gas was found in the root zone
of these trees. The only combustible £r.s reading of /iny magnitude was k^
percent at a three-foot d?pth. The soil around these trees was not uniform.
In some places it was extremely hard.

Poor drainage appears to be the greatest problem. Surface drainage is
poor, particularly where extensive settlement has occurred. The dikes keep
out the salty bay water, but the fresh water doesn't have any outlet because
of these dikes and the dense nature of the clay subsurface soil. This area
was examined during &. severe bought, yet fresh water was found to be satura-
ting the scil in several placer, at a depth of only one foot.

Galbraith Golf Course, Oakland, California

This golf course was constructed in 1966 on a l80-acre landfill com-
pleted in 1965. The landfill contains trash, rubble, and industrial waste
in depths of fifteen to thirty feet. The cover-material depth ranges from
zero to one foot. Settlement problems have occurred in some areas of the
course. There has also been a large loss of trees, particularly pines, over
the entire site. Some of these trees have blown over due to lack of a deep
root structure; others were known to be killed by industrial waste; the cause
of death for some was unknown.

Mounds of soil were deposited on the cover material along the fairways
to provide for the growth of some trees. Other trees were planted directly
in the cover material without mounds. It was noted that most of the trees
in the mounds were eucalyptus while most of the pines had been planted di-
rectly in the cover material.

The most extensive vegetation gro»rth problems occur on and around the
eighth fairway. In this area the grass was growing poorly and nuch settle-
ment was evident. At several points in this area the combustible gas concen-
tration in the soil atmosphere at a one-foot depth was five percent or
greater. Some of the pine trees along the fairway were doing much better
than others, but combustible gas readings around several of these healthy
trees were not significantly different than those around the poorly growing
trees. Combustible gas at one foot depth near these trees ranged from 0
percent to about 5^ percent, and at the two-foot depth it ranged from 0
percent to greater than fifty percent.

Some of the mounds are located in areas containing combustible gas.
Data were collected to determine the ability of the mounds to provide gas-
free soil for root growth. Two mounds were examined. Both were about
thirty inches high at the center and about twenty-five feet in diameter.
The eucalyptus trees on both mounds appeared to be growing rather well.
In the cover material next to the nounds, combustible gas was found in two
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of six points tested at a one foot depth. At a two-foot depth these .>ame six
points all had canbustible Ras ranging from about five percent to greater

| than fifty percent. On om; of the mounds combustible gas was absent d.iwn
I to a depth of two-feet six inches, at three points. On the other mound no
j combustible gas was-found at one and two-foot deaths, but at a depth of. three

•j feet, concentrations were lour percent to five percent.

The mounds were relatively free of gas to a depth of one foot; however,
gas concentration was also very low in the cover soil. Therefore, the

• absence of appreciable gas in the root areas on the mounds may have been due
to the cover soil serving as 3. barrier to the gas.

Oakland Scavenger Company, Davis Street Sanitary Landfill, San I.eandro,
California

; This 2Uy-acrt; landfill receives mcst of the municipal refuse generated
in the Oakland-San Leandro area. The laidfilling was begun around 1950, and

I is scheduled to be completed in 1977 or 1978. The twenty to forty feet deep
I landfill will thf.n be converted into a golf course.

( At ttu- time of this inspection the only vegetation on the site was loca-
I ted alonp the bay front, which was landscaped in 1969 to reduce the eyesore
i created by the operating landfill. Four species of trees: Monterey pine,
: cypress, arid two species of eucalyptus(red1 gun and blue gum) have been plant-
! ed. A shrub, bottle brush, wa,.̂  also found here. At first this site was not
i irrigated and problems of poor trae growth were attributed to lack of water,
j After an irrigation system was installed, in early January 1976, many of the

trees which were having gr<rwinfi problems showed improvement.

Two large eucalyptus did not <jnprove and appeared to be dead. No refuse,
or to be more accurate, no differential texture that would indicate refuse in
this area was encountered in penetrating the soil at these eucalypti with a
bar-hole maker. This, in conjunction with the lack of any combustible gas in
the soil atmosphere, indicates that these eucalyptus trees were probably not
on the landfill but on the dike wnich had been constructed to keep out bay
water.

Some of the trees located on the refuse showed stress symptoms, most
noticeably chlorosis (browning cf the needles in pine) and stunting. Soil
gas readings were taken near four Monterey pines, two of which were healthy
and two unhealthy (Table 1-12). Similar readings were tâ en for a healthy
and an unhealthy cypress (Table 1-12).

The data collected near the pine trees indicates n possible positive
relationship between the occurrence of combustible gas and stress symptoms.
The data collected hear the cypress are inconclusi ve due to the. very low
concentrations of combustible gas.
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TABLE 1-12. PER:FIJT COMPOSITION* OF SOIL GASES
BENEATH HEALTHY AND UNHEALTHY TREES

OAKLAND SCAVENGER COMPANY-DAVIS STREET SANITARY
LANDFILL, SAW LKANDRO, CALIFORNIA

Sample Depth.

°,

Healt'iy Trees

Monterey
Pine Cypress

1' 2' •!' 21

19* -

Unhealthy

Monterey
Pine

I1 2'

20

Trees

Cypress

1' 2'

21 - .

Combustible Gas 0
20̂

trace

*Average of 1-8 readings

Marine Park Golf Course, San Leandro, California

Nine holes of this eighteen holt golf course have been constructed en
a completed landfill. The filling operations ceased in 1967 and the course
was completed in 1972. Most of the refuse consisted of nonputrescible con-
struction debris and paper deposited to a depth not exceeding twenty feet.
Two to three feet of clay were put over the refuse as cover.

The golf course has not experienced problem- with settlement or exces-
sive loss of vegetation. A wide variety of trees and snrubs are growing
over the site. Eucalyptus trees, many of which are over twenty feet tall,
were the most noticable species. One area where several large pine trees
had died was pointed out by the grounds-keepers. No combustible gas was
found in this area. Mr. Frank Green, superintendent, attributed much of
this loss to the roots growing into the refuse.

One area was reported to have some sewage sludge deposited in it. A
variety of trees was growing in this area and appeared to be doing well, as
was the grass. The only apparent interference with good grass growth was
that caused by puddling in areas of poor drainage.

At a depth of two feet, tliroughout an area where healthy eucalypti were
growing, oombustiole gas readings ranged from trace to over fifty t>ercent at
nine of the eleven sampling points. At a one-foot depth only two of these
eleven points had any combustible gas (approximately two percent and five
percent). These data indicate that the heavy clay cover-material was prob-
ably effective in containing the landfill gases.
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Mountain View Sanitary Landfill, Mountain View, California

This operating landfill will be converted to a golf course when com-
pleted. The1 entire area has been reclaimed from San Francisco Bay by diking.
The refuse ranges in depth from tventy-five feet to about forty feet and the
cover inaterial, while variable over the site,, averages about two feet. A

yard refuse density is said to be obtained in The landfill.

Three areas were examined. 'Jie first had a variety of eucalyptus species,
planted by the University of California in about five feet of cover. These
seemed to be doing well. Seven points were sampled in this area but only
one contained combustible gas, ani that was at a depth of three feet.

The second area exazrined had a row cf eucalyptus trees which were plant-
ed on the most inland dike. Many of these tre^s were dead and mo.;t of those
still living v:ere experiencing severe dieback. The soil in thic area was
very hard and dry. Two of the dead trees were checked for combustible gas.
None was found.

The third area examined was a 380' x 290' nursery of ycung trtes which
are to be transplanted when th<~ golf course is landscaped. This area is on
the refuse and tha cover consists of one foot of compacted clay underlying
two feet of loam, into which sewage sludge was incorporated. The trees are
irrigated. These plantings are expected to help in the selection of tree
species for planting on the golf course. The plot 'is laid out in a grid
pattern containing twenty- five species and nineteen individuals of each
species. The different species varied in their reaction to thi.> situation,
some being healthier than others. The redwood trees Sequoia gjgantea and
S. serj.ervij.ens hfd the greatest problem adjusting; all had died.

The feature of interest was not the ability of the dif'srent trees to
grow here , but. rather the ability of the clay layer to ccr.tt.in the landfill

! gas. Of thirty-two Combustible ge s readings taken at a one-foot depth, only
j ^ive recorded the presence of combustible gas (ranging from a trace to
I about fifty percent). The four high readings were all obtained from within

a forty- five foot long oblong area near the edge of the plot. Of fourteen
combustible gas readings taken at two-foot depths, only two contained com-
bustible gas, and that was only at trace concentrations. At a depth of

\ three feet, all thirteeen points tested contained combustible gas. The
| readings ranged from a trace to greater than fifty percent.

South Coast Botanic Garden. Palos Verdes, California

• The South Coast Botanic Garden is located on the Pr-los Verdes peninsula.
( It was constructed on an eighty-seven acre former landfill having a maximum
I depth of 165 feet. The landfill was constructed from 1957 to 1965 in a
j former diatoir.aceous -earth mine which had operated from 1929 to 1951*- Diato-

macecus earth was used fv* landfill cover.

) The Sctanic Garden, which was hoem^ *^_ 1.961, is one of the first to be
j developed on a completed sanitary landfill. It ^r^sts of ikQ plant families,

aoout 700 genera and over 2,000 species, with a total uf uiore than 150, COO
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plants. The entire garden, with the exception of a concrete-lined pond was
placed over a former municipal and industrial waste landfill.

The garden was observed to be well vegetated and presented a pleasing
appearance. Problems, establishing vegetation on the site were reported,
thesu include wina toppling trees, settlement, and high soil temperatures.
This suivey confirmed the problems that were reported. Of particular inter-
est was the occurrence of high soil temperatures which were apparently ex-
cluding the growth of vegetation in at least one area (TabJc i-13). Opera-
tors of the garden blamed many vegetation losses upon high s->il temperatures
but not on landfill gases.. However, high concentrations cf landfill gases
were frequently found associated with high soil temperatures.

TABLE 1-13. PERCENT COMPOSITION OF SOIL GASES AND SJIL
TEMPERATURES AT HEALTHY AND DEAD OR POORLY

GROWING VEGETATION

SOUTH COAST BOTANIC GARDEN, PALOS VERDES, CALIFORNIA

Healthy Vegetation Dead or Poorly
Growing Vegetation

African Hybrid Broon African
Daisy Cytisis Daisy

racemosis

Hybrid Broom
Cytisis
racemosis

Sample Depth 1' 13" 36" 1' 13" 36" 1' 13" 36" I1 13" 36"

11

co2

Combustible Gas

Temperature °F

15

- Ht -

0 - - ! & - • _

2^ - - 0 - - >15 - 22

- 88 109 - 6l 73 - 99 130 - 102

Note: Ambient air temperature = 50°F @ 8-.1*5 am and 65°F <§ 2:30 pm

In this survey of the Garden, combustible gas and elevated levels of
carbon dioxide were found at a depth of one foot in several areas. An
examination of the soil atmospheres near four living and two dead acacia
trees revealed a possible correlation between the death of the trees and
the presence of landfill gases iu the soil atmosphere (Table I-lU). There
was also evidence of a canker disease on some of these trees both living
and dead. To what extent this disease contributed to the demise of these
trees could not be determined in these uncontrolled field conditions.

An area where grass was observed to be growing very poorly or not at
all was compared with an area where the grass was doing very well. Com-



bustible gas and carbcn dioxide were fciind to be ic.ich higher in the soil
•where the grass wasn't growing well (Table I-lU).

TABLE I-lU. PERCENT COMPOSITION* OF SOIL GASES ANT; SO[I
TEMPERATURES** AT HEALTHY ANL UNHEALTHY V.: FETATION

SOUTH COAST BOTANIC GARDEN, PALOS VERDES, CALIFORNIA

Sample Depiii

°2

C°2

Combustible Gas

Healthy

Acacia Crass
Trees

1' 3' 1' 3'

l&i _ 19!

2 - 0 -

i - 1± -

Unhealthy

Acacia
Trees

1' 3'

15

12

19

Giasc

1' 3'

17

7

11

Temperature °F 60 57 6k

*Average of U-ll readings
*-*Single readings

It appeared that muca of the success of the vegetation growth was asso-
ciated with the lack of landfill gases in the root zone. This may have been
due to the diatomaceous earth cover-material acting as a gas barrier.

South Coast County rn ••£_._ Palos Verdes, California

South Coa^t County Park is located across Crenshaw Boulevard from the
South ^c^dt Botanic Garden. It currently consists of a twenty-five acre
former landfill tract which is being used as a park. Ultimately the park
will cover 173 acres of former landfill, and it will include an eighteen
hole golf course plus other recreational facilities. Some settlement has
occurred and migration of combustible gas into an adjacent church building
south of the landi'iUL had to be corrected by venting through an induced
draft system. This gas is burned in an outdoor flare.

Manhattan rye grass planted on the site appears green and luxuriant.
Some planted trees are underlain with a layer of large gravel and vented
with vertical k I/k I.D. plastic pipe to a depth of two feet. The area is
well irrigated, fertilized, and aerated. The soil temperatures fell between
50° to 57° F.

Landfill gas is extracted from this site by Reserve Synthetic Fuels,
Inc., who produce pipeline quality methane for sale to the local gas com-
pany.



Data are presented in Table 1-15 comparing tvo sets of planted trees.
.rji both cases, high concentrations of combustible gas were found in the root
zonf of the poorly growing trees while'very little was found in the root
zcues of the Wealthy trees.

TABLE 1-15. PERCENT COMPOSITION* OF SOIL GASES
AT KLALTHY AND UNHEALTHY VEGETATION

SOUTH COAST COU1JTY PARK, PALOS VERDES, CALIFORNIA

Healthy Vegetation Dead or Chlorotic Vegetation

Melaleuca Aleppo
Pine

Melaleuca Aleppo
Pine

Sample Depth 3' 3' I1 3'

°2

co2

Combustible Ga.s

7

5

k

17 3£ -

4 - ^3 -

5 <1 >50 >50 >50

11

25

>5C >!30

*Single readings

*'.ountain G^te Golf Course, Santa M 'tiica, Los Angeles, Ca3iforn:.a

Mountain Gate Golf Course is a privately owned eighteen-hole executive
golf course which was built on the site of a landfill (Mission Canyon j?k
and #5) which operated from 1965 to 1972. Plantings of Pinus halepensis
(Aleppo pine), Eucalyptus, Myaporum, Acacia, Ficus and other species were
established in 1973- Grass types consist of Penncross Bent on the greens,
Seaside Bent on collars, and Bermuda grars on the fareways.

Extensive settling has been experienced on the golf course, amounting
to as much as eleven feet in a single year. Daylight cracks are observable
between landfill and non-landfill areas. The main irrigation -lines are
buried only in virgin ground. They are elevated above ground in the refuse
deposicion area. Flexible couplings and elevators permit movement within
the piping system as settling occurs. Still there are about two breaks per
week in the feeder lines as a result of uneven settlement of the underground
pipes. The seven greens in the refuse deposition areas are underlain with
four to five-inch thick concrete slabs, buried 2j to 3 feet in the ground.
A four to five-incl:-deep layer of one-inch stone overlays the concrete slabs.
Still, high combustible gas readings were observed in the soils of the greens.
It has been estimated by the golf course construction superintendent that
costs of naintenencs of a golf course on a landfill (including irrigation,
repair of daylight cracks and pipiiig, drainage, etc.) are twenty percent
higher th.ui ori a correctional course.



fl
The soil atmospheres in areas where the vegetation was growing well were

compared with that in areas where the vegetation was growing poorly. 7vo
two-needle pine t-ee.s were compared, one of which was dead and the othc-r
alive. The combustible gas in the soil near each of the trees \,-j.z about thi
same but C02 was lower and 02 was higher near the tree which was living
(lable I-l6 ). Where aleppo pines and Eucalyptus trees were growing poorly
landfill gases wore found in the soil atmosphere, and where these treos wore
growing well no landfill gases were found (Table I-lo).

TABLE I-l6. PERCENT COMPOSITION* i,F SOIL GAGES
AT HEALTHY ANJ UNHEALTHY VEGETATION

MOUNTAIN GATE GOLF COURSE. SANTA MONICA, CALIFORNIA

Healthy Vegetation

Two-Needle Aleppo Pine
Pine & Eucalyptus

Dead or >ocr
Growth Vegetation

Two-Needle Aleppo I ine
Pine 4 Eucalyptus

Sarnie Depth 1'

20

Combustible Gas 5-15 0

12^ 5

5-15 >50

*Singie readings

Mission Canyons 2, and 3j i>os Angeles, California

In June, 1960 , the County Sanitation Districts of Los Angeles County
commenced sanitary landfilling operations in Mis3ion Canyons 1, 2, and 3.
located in the Santa Monica mountains in northwestern Los Angeles (Figure
!-!.)• Operations continued until October, 1965 when they were shifted
southerly to Mission Canyons U and 5 which were to become Mountain Gate
Golf Course.

By January of 19?6 a grass cover had been established on MC #1; MC £2
had been planted along its easterly side with a 50 to 100-foot wide land-
scaped buffer zone; and MC #3 had been developed into a park containing
grass, shrubbery, and trees.

Deposition of refuse in MC #1 was completed in 1963. Three or more
feet of cover was reported to have been placed over this ten acre area,
which is now planted with mixed grasses including alfalfa. These grasses,
which are irrigated regularly, appear to be healthy. However, there are
continuing problems with extensive, uneven settlement and with "daylight
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Figure 1-1. Mission Canyon Landfills :., 2, and 3, North Sepulveia Blvd,. Los Ar.geles, California



cracks" along the Interface of the refuse ai'.d virgin ground.

Mission Canyon #"> in a fifteen acre tract atop a landfill started in
and 'ompLHed in 19̂ 5• Currently one and-a-half acres along the eastern

boundary aave been developed toward its ultimate use as a;i aesthetic barrier
between adjacent, developed residential areas arid future landfill operations1.
Plantings of 1973, which are located pri'inrily on a seven to eight-foot deep
be,.Tn at the eastern edge of the refuse, Appear to be growing well. This may
be du-i, at least in part, to the presence of five operating gas-extraction
wells on the tract. These wells were installed to prevent lateral gas migra-
tion. Two ground gas checks in the vicinity of the landscape barrier revealed
only very jiinor amounts of combustible gas in the soil atmospheres.

Mission Canyon #3 is a ten-acre park built on a landfill that was con-
structed between I960 and 1965, The refuse is reported to be as deep as 200
feet in places. Grass has been planted over the park along with scattered
tress. The main plantings were Eucalyptus and Pinus plus a few Acacia.

The surface of this park vas originally graded to promote drainage
towards the periphery or the park. Since the original landscaping in 1973
settlement has reversed this grade so that at the present time most of the
runoff is carried towards the center of the park. Here the refuse is deep-
est and settlement has been most extensive.

Table 1-17 presents field data. In general, little combustible gas was
'ound ir. the soil atjnosphere until the three loot-depth was reached. This
may hr.ve been due, at least in part, to the ten gas-extraction wells located
around this site. Landfill ge.ses were not found in the root zones of the
vegetation. The gases collected are burned in a waste-gas burner located
near 'he bottom of Mission Canyon. The tree^. and grass in general appeared
to be growing fairly well. However, there were 3 number of bare spots in
the lawn, a few of the trees were doing poorly, and a majority of the pines
appeared chlorotic. In places the soil was water-logged at the time of our
visit, apparently because of recent irrigation.
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TABLi 1-17. PERCENT COMPOSITION* OF SOIL GASES
AT HEALTHY AND UNHEALTHY VEGETATION

MISSION CANYON #3, LOS ANGELES, CALIFORNIA

Healthy Vegetation Unhealthy Vegetation

Eucalyptus Two-Needle Grass Eucalyptus Two-Needle Grass

Sample Dopth

°2

co2

Combustible Gas

1'

20̂

0

0

1-ine

I1 1'

21 21

0 0

0 0

1'

174

4

0

Pine

I1

20̂

2

4

. i'

21

0

•*
••Average of 1-U readings

Doa-TEMPERATE CONTINENTAL WARM SUMMER

Hunter Farm, Cinnamir.gon, New Jersey

The 100-acre landfill across the street from the Hunter Farrr was report-
ed to have been started in 1965 in an old sana-and gravel-pit. The fill
material is ̂ 0-80 Teet deep and consists of all types of refuse. The refuse
was placed directly across the road from the farm beginning about j>c9.
Damage to farm crops was first noted in 1970.

At the time of this inspection, the farm field across the street to the
southwest of the landfill was planted with corn. Approximately 250 feet
away from the landfill was an irregularly shaped ar°a of corn exhibiting
severe stunting and chlorosis. The surrounding corn looked very health,".

' The dimensions of the ohlorotic and stunted zone in the field were
i deteruined and soil atmosphere was checked for the presence of combustible

gases , oxygen end carbon dioxide. Approximately thirty rows of the corn
* exhibited poor growth. A transect was made along which combustible gas,
I oxygon wid CO were measured at the one-foot and three-foot depths r'espec-
! tiveljs at fif?<;en foot intervals. The good growth areas contained no com-
[ bustible gas while the area which exhibited chlorosis and stunting contained

ar average of fifteen percent combustible gas (Table I--18). The C0? concen-
i tration was much higher and the 02 concentration considerably lower in the
K area of poor growth. Overall, we found positive relationship between the
t presence of decomposition gases and poor corn growth.



TABLE 1-18. PERCENT COMPOSITION* OF SOIL GASES
AT HEALTHY AND UNHEALTHY CORN

HTJNTER FARM, CINNAMINSON, NSW JERSEY

Good Corn Growth Poor Corn Growth

Sample Depth ' 1' 3'

CO. U-i- - 20 -
c.

Combustible Gas - 0 15

^Average of 2 readings

DeEugenio Brothers Peachtree Farm., Glassboro, New Jersey

Landfilling at this'site adjacent to the peach orchard began in Febru-
ary, 1968. The filled material included refuse collected from household
collections plus some demolition material, industrial waste and sewage sludge.
The landfill is located in a former sand-and gravel-pit which had a depth of
about twenty feet. Upon completion of the landfill, the peach farmer had
hoped to plant additional peach trees ever the filled area by enlarging the
adjacent orchard. However, in 1971, owo years alter the completion of the
filling operations adjacent to the N-L side of the orchard, peach trees
closest to the refuse filled area began to die. One year later soil gas
measurements were made, and combustible gases and CO were detected beneath
many of the dead trees.

By June 1975, many additional trees had died. Soil gas checks in the
area revealed that combustible gas was beneath a chlorotic, mostly defoli-
ated matvre peach tree, while no combustible gas was found beneath the adja-
cent mature peach tree which showed moderate growth (Table 1-19)-

New seedlings had been planted on the southeast side of the landfill
and the trees in the row closest to the landfill had all died. Combustible
gas was prpsent beneath a dead tree in this first row, but it vias not
present beneath a living tree in the second row away from the refuse. The
presence of combustible gas was found to be directly related to the death
of reach trees in this orchard adjacent to the refuse landfill.

95



TABLE 1-19. PERCENTAGE COMPOSITION* OF SOIL GAStS
. VS PEACH TREE VIABILITY

DE EUGENIO PEACH ORCHARD, GLASSBORO, NEW JERSEY

Good Growth Trees

Saplings Mature

Sample Depth 1' 3' 1' 3'

02 19 - 20 -

CO 0 - 0

Combustible G a s - 0 - 0

Poor Growth or

Saplings

1' 3'

19

0

5

Dead Trees

Mature

1' 3'

16$ .

& -

- >15

*A11 readings are single samples

University of Connecticut, Storrs, Connecticut

The University of Connecticut began a project in 197O to determine if
com could be grown over a completed landfill. One hundred and fifty foot
loivg trenches thirty feet wide and about ten feet deep were spaced thirty
feet apart and filled with mostly newspaptrs. A corn cr'op was subsequently
planted over the trenches and intertrench areas. The project ran out of
funds at this time. However, a decrease in corn yield was observed over the
trenches as compared to the intertrench areas. The soil over the trench
areas was also reported to be of poorer quality.

In 1975, alfalfa and clover were planted over this area. Our field
observations of these crops rhowed a significant decrease in flower height
over the trench areas (Table 1-20). Some sample stations in the trench
(poor growth) area contained combustible gas at three feet while other
sample stations contained no combustible gas. No sample stations in the
intertrench (good growth) areas contained combustible gas. Therefore, in
some cases, the presence of combustible gas related directly to-poor vege-
tation growth vhile in other cases there wat> no correlation between poor
growth and the presence of combustible gas.
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TABLE 1-20. PERCENT COMPOSITION* OF SOIL GASEb AT AREAS OF
GOOD AND POOR-GROWTH,ALFALFA AND VETCH

UNIVERSITY OF CONNECTICUT, STORES, CONNECTICUT

Sample Depth

°2

co2

Combustible Gas

Good Growth

31

17*

0

0

Poor Growth

3'

20

0

0-33

*Average of 1-9 readings

Farmin/jton Sanitary Landfill, Unionville, Connecticut

This landfill contains an average of about twenty-five feet of munic-
ipal refuse covered with about two feet of soil. The landfill was completed
in 1973.

The area examined.had been planted with about 200 Scotch pine trees.
Few of them were still living when this dat* was collected. Lack of care
and competition from volunteer species, particularly quaking aspen, might
account for their demise. A good deal of variation was noted in the condi-
tion and dispersal of the quaking aspens over the site. A negative rela-
tion was found between the presence of combustible gas and CO and the con-
dition and dispersal of aspens. Several patches of tall (5 to 8 feet) dense
stands of aspens were observed. In other areas the aspens were under four
feet tall and scattered, or they weren't growing at all. Where the quaking
aspens were doing well no combustible gas was found at the one-foot depth
and an average of \ percent COp and 19 percent 0 was found in the soil
atmosphere. Where the trees weren't growing, or were growing poorly, the
soil atmosphere contained, on the average, about 1 percent combustible gas,
9 percent CO and lU percent 0_ at the one-foot depth (Table 1-21).

This data is consistent with the possibility that the presence of land-
fill gases hindered the establishment of the aspens on this site.
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TABLE I-?l. PERCEirr COMPOSITION* OF SOIL GASES AT AREAS OF

HEALTHY AND POOR GROWING QU UOKG ASPENS

FAMIWGTON SANITARY LANDFILL, IHIONYILLE, CONNECTICUT

Healthy Aspens Poor C"'_*ing a^r^ni

Sample Depth

2

co2

Combustible Gas

1' 1'

19 1U

\ "9

o . i

*Average of 3 readings

Holyoke Sanitary Landfill #1, Holyoke, Massachusetts

This landfill was begun in 19̂ 0 and was still in operation when this
data was collected. The refuse is about forty feet deep and consists almott
entirely of incinerator ash.

No attempts had been made to establish vegetation on the site. Dead
tr°es were observed adjacent to the landfill. No combustible gaij was founc
on or adjacent to the site indicating that very little anaerobic decomposi-
tion was taking place in the refuse. The trees had apparently been killed
by soil eroding from the site.

Holyoke Sanitary Landfill #2, Holyoke, Massachusetts

This landfill operated frori 19̂ 9 through 1973. It contains municipal
refuse mixed with incinerator ash to depths of 120 feet in some places.

Of interest at this site were some black cherry trens growing adjacent
to the refuse on virgin soil. A good relationship can be seen between death
of black cherry and the percent of combustible gas in the soil atmosphere.
Under tvo dead black cherry tress combustible £as in the roo* zone averaged
10j percent of the soil atmosphere at a three-foot depth. Combustible ?as
concentrations were higher near the tree which had died this year as com-
pared with the tree which had been dead for over a year. ILider a live black
cherry, twenty feet from the dead trees, no combustible gas was found (Table
1-22).

There was very little vegetation growing on the landfill. Nothing was
planted and very small patches of voluntary weei species were seeding them-
selves. The cover material on the landfill was very dry and rocky; no top-
soil had been put on it. In some areas the cover ha.i eroded exposing the
refuse.



TABLE I ?2.- PERCENT COMPOSITION* OF SOIL GASES
AT LIVING AND DEAD BLACK CHERRY TREES

HOLYOKE SANITABY LANDFILL #2, KOLYOKE, MASSACHUSETTS

Sample Depth

°2

cop

Living Cherry

1' 3'

19

o

Dead Cherry

1' 3'

19

1
2

Combustible Gas ic4

^Average of 1-7 readire.s

Erlton Park, C .erry Hill, Nev Jersey

This 9-10 acre completed sanitary landfill was formerly a sand and
gravel pit. General municipal refuse was deposited here, beginning in 15*63)
to a depth of ten to sixty feet. Dumping was completed in 197C, and efforts
to turn the site into a park were begun.

It appeared that less than half of the original trees planted at this
park in 197̂  were still alive. However, today's tests did not indicate any
particular relationship between the presence or absence of combustible gas
in the root zone and death or lift of tne vegetation (Table 1-23). In most,
Instances no combustible gas was found in the root zones of (.ither the live
or the dead trees. The high -rate of trea death may hav? been Ive to poor
tree-planting practice.

Hard soil layers were noted below the one-i'oot depth over nuch of the
park. These layers may be keeping t'ie gas from the tree roots and sending
it to the vents around the periphery of th-3 former landfill.
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TABLE 1-23. PERCENT COMBUSTIBLE GAS IN SOIL GASES
AT LIVING AND DEAD TREES

EARLTON PARK, CHERRY HILL, NEW JERSEY

Living Trees Dead Trees

Two-Needle Poplar Spruce Two-Needle Poplar Fir
Pine Pine

Saiople Depth I1

0

1*'

<L

1'

0

2'

0

1'

0

2'

0

1'

0

2' 3'

0 >50

I1 2'

0 0

3'

0

1' 2'

. 0 0

Kenilworth Demonstration Landfill, Washington, D.C.

The completed landfill is about thirty feet deep and covers approximately
250 acres. It was started in 19̂ 2 with only incinerator ash. From 1969 to
1970 a project described, as a period of model landfill operations was con-
ducted during which time raw household refuse, as well as Incinerator ash,
were deposited. The entire area was then completed with a final twenty-four
to thirty inch deep soil cover.

Between 1$70 and 1975 about 200 trees were 'planted. These included red
oak, sugar maple, and willow. The trees were not irrigated after planting.
At least fifty percent of'the trees showed signs of chlorosis with many of
these being partially or completely defoliated at the tiice of our visit.
Combustible gas checks in the root zones of all but two trees failed to
reveal combustible gas. Many of these trees had apparently died from lack
of water. The two trees with combustible gas in the root zone were entirely
defoliated. A relation between dead trees and the presence of combustible
gas e:cisted in some, but not all instances (Table I-2U).
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TABLS I-2U. PERCENT COMPOSITION* OF SOIL GASS3
AT LPTING AND DCAD TREES

KENILWDRTH DEMONSTRATION LANDFILL, WASHINGTON, D.C.

Living Trees

Su£ar Maple Sweetgum

Deb.d Trees

Sugar Maple Sweetgum

Sample Depth 1'

18

i I

CO 0
C-

Combustible Gas 0 0

12

>5

_

0

*Average of 1-2 readings

Holtsvllle Sanitary Landfill, Brookhaver., New York

This former landfill covers approximately fifteen acres. Landfilling
began around 1955 in an ol̂ . sand and gravel pit. All types of refuse were
accepted Including municipal waste, industrial waste and some burned
material. The refuse was placed thirty to forty feet belcw the ground sur-
face and twenty to thirty feet above the surface over part of the landfill.
One to six inches of daily cover were sprci.d over the revise at the end of
oach dtiy's landfilling operation. The future of this landfill as a park was
considered when the final cover was being spread. 'One foot of sand was
placed directly over the refuse and one foot of loam was spread over the
sand for the promotion of good grass growth.

Over the former refuse fill area there is a general growth of grass and
weeds. Grasses appear to dominate. The area is presently unused, but it is
to be developed into a park. Theri is a parking lot to the south of the fill
ar^a and a wood lot on the west side. Dead and dying oaks and pines were ob-
served on the south and west, sides adjacent to the refuse.

An excellent relationship (Table 1-25) vas found between the presence of
combustible gas In the soil and the death of deeper rooted vegetation (oak
and pines approximately twenty-five years old) adjacent to the landfill. No
combustible gases were found in the root zone of viable vegetation, but high
concentrations were found in the root zones of the dead trees adjacent to
the landfill.

i !
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TABLE 1-25. PERCENT COMPOSITION* OF SOIL GASES
AT LIVE AND DEAD RED OAKS

HOLTSVILLE SANITARY LANDFILL, HOLTSV1LLE, NtW YORK

Live Red Oaks

First Tree Second Tree

Dead Red Oiiks

First Tree Second Tree

Sample Depth

0^

1' 3'

12

i- 3'

13

1'

.

3'

k

1' 3'

12

CO,

Combustible Ga:s 0

28 - 10

1*0 - >50

*Average of 1-3 readings

Kings Park Sanitary Landfill, Smithtown, Nev York

' The twenty-three acre landfill, which was begun in 1971 in a former sand
and gravel pit, was still in operation at t.ie time this data was collected.
The refuse is of a general municipal type end averages about sixty feet in
depth. No vegetation was observed growing on the landfill.

Adjacent to the landfill, on the south side, many dead large oak trees
were observed in a woodlot, located between the landfill arid Old Northport
Road. A dead wh:te oak about thirty fee.-t tall was compared with a living
white oak of about 'cbo sane size. Both treos were located in the woodlot.
A dead hemlock six feet tall was compared with a living hei.ilock seven feet
tall. Both hemlocks w-re planted in 1970 by the city on the edge of the
vs-oodlot nearest the road. Soil atmosphere concentrations of combustible fcas
and carbon dioxide were found in much greater concentrations in the root zones
of the dead trees than in the root zones of live trees. Oxygen concentrations
in the soil were much lower at the de-id trees than at the live trees
(Table 1-26).



TABLE 1-26. PERCENT COMPOSITION* OF SOIL GASES
AT LIVE AND DEAD TREES

KINGS tARK SANITARY LANDFILL, KINGS PARK, NEW YORK

Sample Depth

°2

co2

Combustible Gas

Live

White Oak

V 3'

11

8

1-2

Trees

Hemlock

1' 3'

20

2

0

Dead

. White Oak

1' 3'

k

32

>50

Trees

Hemlock

1' 3'

- 6i'

- 19*

7i -

*Avt-rage of 1-3 readings

Huntington Sanitary Landfill, Huntington, New York

It had been reported that many large oak trees adjacent.to this land-
fill had been killed. An on-site investigation regaled dead trees adjacent
to, ar.d around most of the landfill. The incinerator ash and municipal ref-
use had been placed in a fifty-five foot deep former sand and gravel pit.
An area near the southeast corner of the landfill along Tovn Line Road was
chosen for this investigation.

A comparison of the soil atmospheres at the living and dead oak trees
adjacent to the landfill (Table 1-2?) show that extremely high carbon dioxide
and combustible gas readings were associated with the dead oaks. Generally
lower oxygen concentrations were found in the soil atmospheres at the dead
trees than at the live trees. In many cases it was found that the soil
beneath the dead trees was septic at the depth of six inches while that
beneath the live trees was aerobic. The dead trees on the west side of Town
Line Road closest to the landfill didn't have any leaves. The dead trees on
the east side of the road still held their dead leaves indicating that the
trees farthest from the landfill had died more recently than those nearer
the landfill.

Soil temperatures were higher where the higher combustible gas and
carbon dioxide and low oxygen concentrations were found (Table 1-27).

A Limited number of vertical convection vents had been installed along
the southern end of the landfill, but trace amounts of combustible gas were
founi 130 feet from the landfill in the adjacent wood lot. The soil around
thi i landfill is very sandy. This apparently facilitates the movement of
the gases generated within the landfill into the adjacent undisturbed land.



TABLE 1-27. PERCENT COMPOSITION* OF SOIL GASES AND SOIL
ItKPEPATURES** AT LIVING AND DEAD TREES

HUNTINGTON LANDFILL, HUNTffiGTON, NEW YORK

Living Trees Dead Trees

Red Oak Scarlet Oak Red Oak Scarlet Oak

Saicple Depth 1' 3' 3' 1' 3'

0_

co?
Combustible Gas

Temperature °F

- 12

- 94 -

k - 0

6k - 58

- 8f - 8

- 3; - Uo

5 0 - 3 0

6 5 - 7 8

*Average of i-3 readings
**Single readings

Bethpage Sanitary Landfill. Oyster Bay, Nev York

This forty acre landfill is located in a very sandy soil region of Long
Island. The landfill contains general municipal refuse, ash, and demolition
debris which has been placed in a former sand and gravel pit that averages
about forty feet deep. In many areas the refuse is piled to a total depth
of sixty to eighty feet. Adjacent to the easterly side of the landfill and
e.crcss Winding Road is a bridle trail. It wat, noted that most of the mature
red and white oaks (hO to 50 feet in heignt). in the area were dead, but most
of the understory vegetation was living.

Near the dead ô ks, both combustible gas at one foot and carbon dioxide
at three feet were very high (35 to U0$) and oxygen readings at three feet
were low (5 to 10̂ 6). Landfill gases appear to have migrated to about seventy
feet from the landfill. No live trees were accessible for comparison with
the dead oaks.

It appears that the demise of the native trees in this area was due to
the pollution of the soil by gases migrating underground from the landfill
across the street. The understory vegetation may still be living because of
its shallower i-oot system.

Deb - TEMPEKATE CONTINENTAL COOL SUMMEK CLIMATE

Roussel Park, Haines Road, Nashua, Nev Hampshire

This site had been an open dump which was covered with five feet of
gravel, on top of which was placed six inches of loam. The refuse is ten to



twelve fjet thick and consists mostly of municipal type refuse. The cover
material hc.s been planted, vith grass which was observed to be providing
adaquate cover. Two baseball parks end a monuir.ent have been established on
the site.

Correlation between the presence.- of combustible gas and death of
American elm and slippery elm (located adjacent to the refuse) was not very
good. At a depth of three fret, comparable ccncei.tratior.s (0$ to 1*0$ of the
soil atmosphere) of combustible gas w-?re found under healthy trees and dead
trees. Thsre was also a dead tree nevx which no combustible gas was found.
The possibility exists that combustible gas, present at an earlier time,
killed the tr^c, and has subsequently left this tree's root zone. Dutch elm
disease is also very prevalent in this region, although its characteristic
symptoms were not noticeable on this dead. tree.

t i
In the root zone of one slippery elm there was found between fifteen

percent and thirty-five percent combustible gr.s in the soil atmosphere at
2' and 3' respectively. Ther^ was a small branch on this tree with yellowing
leaves which appeared symptomatic of Dutch elm disease.

Oxygen concentrations at one foot were about noimal (18$) under both
living and dead trees. Under one dead eln a CQ^ concentration of 2.5% was
recorded it a one-foot depth. The highest combustible gas concentrations
(Uo$) were recorded at this spot at e. three foot depth, bat no combustible
gas was noted at a one-foot depth ir this area.

In Summary, correlation between,the presence of landfill gas in the
soil atmospheres and dead trees was poor at this site.

Guilderland Landfill, Guilderland, New York

This landfill was still operating when this date, was collected. The
area of the landfill where the data was collected was completed in 1971.
The landfill contains municipal refuse on top of which there is about two
feet of cover material. This area had been seeded with rye grass but with
poor success.

Volunteer species were observed growing on the site, most notably:
quaking aspens, staghorn sumac, milkweed, and Queen Arne's lace. This
volunteer vegetation, along with the rye grass, was observed to be occurring
in isolated clur.ps with bare and sparsely vegetated aroas between. The
areas where the vegetation was growing well were compared with the areas
where the vegetation was growing poorly or not at all. Combustible gas and
CO concentrations at a depth of one foot in the soil were considerably
higher where the vegetation wasn't growing well. Oxygen concentrations at
a one foot depth were very low in the poor growth areas averaging only 2.5$
of the soil atmosphere as compared with l6.V$ in the good growth areas
(Table 1-28). The data indicates that the croposition of the soil atmo-
sphere on this landfill was probably playing a major role in determining
where the vegetation was a'ole to establish itself.
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TABLE 1-28. PERCENT COMPOSITION* OF SOIL GASES
AT GOOD AID PX)R GROVT"! VEGETATION

GUILDERLAND LANDFILL, GUILDERLANB, HEW YC3K

Good Growth Poor Growth

Sample Depth

Combustible Gas

*Average of U - 10 readings

City of Auburn North Division Street Sanitary Landfill, Auburn, Hev toik

This landfill was operating at the time this data was collected. The
area on the landfill with which this report is concerned was completed about
fifteen yeai s ago and is estimated to contain about twenty feet of municipal
refuse. Th« cover appeared to range in -lepth from two to three feet. Grass
was doing very well on the site as were many of the trees which had become
established on the site.

• Of particular interest was e. row of willow trees whicn were showing
wide variations in growth. Ther*.- was a negative correlation between the
height of the willow trees and the concentrations of combustible gas in the
soil atmosphere. There were three distinct height categories with different
gas concentrations in their root zones. At the two-foot depth, the willows
which were twenty feet high had an average of less than one percent combus-
tible gas in the soil atmosphere; the ten-foot high trees had an average of
8 5<jk combustible gas at the two-foot depth; and in the a_ea vhere the trees
had died and been removed, the soil atmosphere contained an average of 30.5%
combustible gas at a two-foot depth (Table 1-29).

Thf fact that increased combustible gas in the soil e.tmospherp corre-
lated wiLh a decrease in the height of the tree may indicate an adverse
response to the presence of conbustible gas in the soil atmosphere.



TABLE 1-29.' PEP.mrr cfr-posrnoN* OF SOIL GASES AT
WILLOW TREES SHC'.fING V/RIOUS GROWTH CHARACTERISTICS

CITY OF AUBUtoi NORTH DIVISION STREET SANITARY LAIfDFILL,
AUBUTJ!, NEW YORK

20' Tall and Healthy 10' Tall Dead and Removed

Sar.pJe D.--pth

°2

CO,

1'

20

0

2' 1' C' 1' 2'

19 l&i

i i
2 ~ 2

Combustible Gas 30*

•Average of 2-U readings

South Eastern Oakland Incinerator Authority, Oakland County, Michigan

•This landfill was completed in a former sand and gra.vel pit in 1568 and
contains an average of about thirty-five feet of municipal refuse mixed with
incinerator ash. Tnis landfill has had problems vith landfill gases migrat-
ing into adjacent property, particularly on the western edge. 1 - was in thi:
area that this data was collected, in and around a row of lonuaru>' poplars
planted .idjacent to the lardfill. Most of the lombardy poplars were aead
at the tine that this date, vas collected.

A nejitive correlation between weed and grass growth and combustible
gas present at o.ie foot was very good. There was no combustible gas present
at one foot where the weeds s.i.d gra^s were growing well. At spots where
there was no weed or graso growth, combustible gas averaged twenty-two per-
cent of the soil atmosphere at tne one foot dcnth. Also in these bare areas
Q averaged nine percent of tlr-a soil atmo ,phere and CO averaged k.̂ % of the
sbil atmosphere at tne one foot depth. These are,respectively far belov and
above normal .~>oil gas concentrations. When these gas concentrations are
compared with those fuund in the areas where grass and veeds were growing
well a sharp contrast iz observed (Table 1-30).

All the Icmbardy poplars wh\ch have died and subsequently sprouted were
found to contain considerable amounts (between 5 and 50$ of the soil atmo-
sphere) of combustible fas in the root zone at the two-foot depih. At no
time was a dead tree observed -dth no combustible gas in the coil atmosphere.
Two mature (70 ft. tall) black, oaks were observed to be in rapid decline
within twenty feet of the land-fill. At no point at a thret foot depth near
these trees was less than fifty percent combustible gas found in the soil
atmosphere.

A trend was seen here in the pattern of necrosis on the three species
of plants observed dying at this site. When combustible gas wr.s present in
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the soil and necrosis was seen on the foliage, the dieback of the leaves
usually began at the tips of the branches and progressed down towards the
base of the plant.

TABLE 1-30. PERCENT COMPOSITION* OF SOIL GASES AT GOOD
GROUND COVER AND NO VEGETATION GROWTH AREAS

SOUTHEAST OAKLAND INCINERATOR AUTHORITY LANDFILL,
OAXLANJ. MICHIGAN

Weeds and Grass Growing No Weed or Grass
Well Growth

Sample Depth 1' 1'
• i

' °2
 20 9

1 I co_ o 14
' i

! | Coclius-Lible C^s \ . 22^

"•Average of 2-9 readings .

Cereal City Landfill #1, Battle Creek, Michigan

This landfill has been operating since 195̂ . It contains an average of
about twenty-four feet oJ" municipal refuse covered vith about two feet of
sandy soil where completed. No attempts had been made to vegetate this
cover. This landfill has a history of gas migrating into adjacent property.
This report concerns a row of red pine trees which had been transplante.-. to
the northern edge of J.-.he landfill less than ten feet from the refuse in this
former sand and gravel pit.

There is a negative correlation between the occurrence of landfill
gases and the health of the trees. Where the trees were dead for over two
years, the average percent combustible gas concentrations in the soil atmo-
sphere were 22.T& at the one-foot depth and ̂ 9$ at the three-foot depth.
The 0 concentrations averaged 12% and the C02 averaged 17.5̂  at a depth of
one foot. In the area where the trees were living but experiencing some
needle necrosis, the combustible gas averaged . 2J$> at a one-foot depth and
15̂ - at a three-foot depth. The CO and 0 concentrations were, respectively
6.5-J and 19-5$ at a depth of o:ie foot (Table 1-31).
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TABLE 1-51.- PERCENT COMPOSITION* CF SOIL GASES AT
LIVING AND DEAD RED PINE TREES

CEREAL CITY LANDFILL, BATTLE CREEK, MICHIGAN

Living Red Pine** Dead Red Pine**

Sample Depth 1' 3' 3'

12

Combustible Gas 15 22

*Average of 1-8 readings
**Weeds and gruss growing well near live tree, no grass or weed growth near
dead tree.

Cereal City landfill #2, Battle Creek, Michigan

This Ijmdfill .has been in operation since 1956. It contains an average
of about twenty-four feet of municipal refuse covered with about two feet of
sandy scil. No attempts have been made to vegetate this cover. This land-
fill has a history of gas migrating•onto adjacent property. This report is
concerned with a row of mixed hardwood and coniferous trees located a^ong
th'i southwest corner of the landfill. Most of these trees, adjacent to this
'former sand and gravel pit, were observed to be in decline and many were
dead.

There appears to be an excellent correlation between the presence of
combustible gas in the root zone of the planted trees and death or decline
of ther-e trees. This was found to be true for white spruce, Douglas fir,
white fir and shagbark hickory. The amount of combustible gp.s in the root
zones of these trees at the one foot depth varied between 5% and 50$ (with
a mean of 25.Ola) of the atmosphere. There were two live white spruce trees
under which the combustible gas concentrations ranged froir 10% to greater
than 50$ (with a mean of 29.5/0 of tne soil atm:sphere at the one-foot depth.
These trees may not have been exposed to the landfill gases &s long as the
trees which, had been killed, or they could be resistant or ha-/e shallow
roots.

A very putrid-smelling, hard soil layer, three inches thick, was
present in the. virgin soil where high combustible gas concentrations were
found. The top cf this layer vas found five Inches below the surface, and
it was not present where combustible gas was not found.

Kalamazoo County Landfill, Kl Avenue, Oshtemo Township, Michigan

This landfill has been operatir̂ g since 1965. It contains municipal



and light industrial refuse ranging in depth from eighteen to forty feet.
The final cover was generally two ftet thick, but noticeably thinner in some
areas.. The completed lejidfill was planted with clover and fescue with
reasonable success. An area which had recently been planted with Kentucky
31 Fescue was doing very poorly; the cover material in thic area was very
thin and dry. •

In one area of the landfill a quaking aspen, which was showing no signs
of stress, had an average of Q.̂ % combus-.ible gas in the soil atmosphere at
a one foot depth, 0 coriprisea iS.pfo and CO 3-5^ of the soil atmospnere at
Q. one foot depth.

Do - TEMPERATE OCEANIC CLIMTE

East Campus, University of Washington, Seattle, Washington

From 1926 to 1935 parts of this 150 acre peat bog area served as ar
open-burning dump for the city of Seattle. In 195̂  "modern" sanitary lar.d-
fill methods were started. The rate of filling the marshlard accelerated
from the late 50's until 1966 when filling ceased. However, a series of
surface cover filling, grading ard seeding operations altered the landscape,
until 1971, when all but minimal maintenance activities ceasec. Today the
central part of this area, supports a grassy prairie-like cover boidered by
peat islands, cattails and'occasional trees along the1 shoreline.

Settlement over the area has been extensive. It is reported that por-
tions of the site dropped six feet between 1971 and 1975. Part of this
settlement is believed to be due to the decomposition and compression of the
underlying former peat bogs.

Gas checks over the grasslands area revealed no combustible gas ~*o a
depth of three feet in an area where the grass and weed ground cover was
growing very well. In an area within forty-five feet of the good growth
area, where no grass or other ground cover was growing, combustible gases
were found at high concentrations (>15%) at the one, two and three-foot
lepths. The soils in the no-growth area below the four inch depth were dark
ai.d enJ-tted a septic odor. The soils in the good growth area .were not septic.
The/ emitted the normal pxeasant soil odor. The areas in the grasslands
which did not contain any vegetation also exhibited numerous cr3cks in the
surface. In many cases it was noted that the unpleasant odors of the. gases
of anaeroVic decomposition were being emitted from these cracks. It was
reported "-.hat children have frequently set fire to these gases.

In random checks of the soil atmospheres in the root zones of various
trees growing over the refuse filled area outside the grasslands section,
combustible ga^os were not generally found in the atmosphere of soil less
than two feet deto.

In the vicinity of the golf driving range, where a number of trees
were checxei, combust.ble gases were found in a number of cases at the two-
foot depth and below. These combustible gases were present although the
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last refusa filling was reported to have been completed in this area prior to
1950. The tree.5 in general appeared to be growing fairly well in tĥ .s area.

In genera], there was an excellent correlation in the "grt.sgLands area"
between poor and no vegetation ground cover and the presence of co^bjstible
gases within one foot of the surface. Where the combustible gases were
below the two-foot depth the ground cover was doing very well.

Genesee Street Landfill Park Siivelops.cnt, Seattle, Washington

This fouler landfill covers approximately sixty acres. Filling "began ir
19̂ 7 and was completed about 1968. The are.a north of Genesee Street was com-
pleted in 1963. That south of Genesee Street was 'completed in 1968. General
landfill rt-fuse w^s deposited in "he fill along with a large amount of demo-
lition debrj F. and ash from the open burred refuse. The refuse varies in
thickness fr<:r. a few feet to about thirty feet. The cover material depth
ranges from ibout two to about six feet. The material used for final cover
was mostly glacial till. Substantial settlement has been reported during
the last few yee.rs, along with some raour.r'^ng of ground water in part of the ,
fill.

1 ;

M

Over the former refuse fill area there -J s a general growth of grasses
and weeds. Grasses appear to dominate. The area is mowed about twice each
year. The north end of the field area is occasionally used'as a parking
area. Most of the rest of'th'; fill aiea is unused in any developed or
planned manner. There are some peat deposits and soft clays beneath part
of the fill area. It is believed that these peat deposits may be compacting
due to the subcharging by the rnfuse and cover material.

Scattered barren spots were noted Over the surface of the ground at
various locations. These barren areas frequently contained many surface
cracks, and occasionally the odors of the gases of anaerobic decomposition
or organic matter in the landfill were detected. The sbJ.ls from these
barren combustible gas-laden areas were found to be soft, wet, dark-colored,
and emitting septic odors. The soils where good grass and tree grovth were
taking place did not certain combustible gas, was dry and hard, and did not
emit septic odors.

An oval area approximately 20'/9'> had no vegetation growing on it. It
was found to have a very high combustible gas concentration (>15%) at one
foot. Soil from the six inch to aij^ht inch depth was dark colored, had a
putrid odor, and was anaerobic. The soil lo-j feet away in an area of good
growing vegetation ground cover showed no combustible gases at the one and
two-foot depths. Soil samples taken to an eleven inch depth were light -
colored, friable, and exhibited no anaerobic odor.

No combustible gas was found at the three-foot depth under a big-leaf
maple tree growing near the sidewalk along the r.crth side of Genesee Street..
At about sixty feet to thi north a barren area, around 12'/27', was checked
for combustible gas. It was found to contain high concentraticns of com-
bustible gas jn the soil atmosphere.
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Overall, an excellent correlation was :i'ound between the presence of
combustible gases in the soil and tne lack >f surface vegetation. No com-
bustible gases were found in the root zone of viable vegetation.

D*y Island L-mdfill, Eugene, Oregon

This sixty-aciC landfill is located in a former sand and gravel pit on
the northeast side of the Wiilar.ette River. Between 1963 and 19?U the area
vas filled to depths ranging from twelve i.o thf rty feet with general munic-
ipal refuse and construction rubble.

Currently a good general ̂ HSS and weed growth covers most of the land-
fill. Some of the grasses wtre ti.ree to four feet high. Mcvever, there
were numerous small areas where no ground cover existed. The no-growth
station was found to have high concentrations of combustible gas at x,uc one-
foot depth, und the soil was septic at the three-inch depth. At a nearby
good growth station there was no combustible gas to sixteen inches and the
soil was eerobic (Table 1-32).

The soil atmospheres of trees planted for landscaping purposes was
checked, tuid combxistible gas was found in the root zone of a dead tree, but
it was not present in the root zones of two living trees. The soil was also
septic in the root zone of the dead tree, but aerobic in the root zones of
the live .trees.

An area of dead and dying trees east of the landfill was surveyed.
Here hiih concentrations of combustible gas were founi in the' soil atmo-
spheres within seventy feet of the landfill where the trees were dead or
dying. One-hundred.and twenty feet from the landfill, bhe fifby-to sixty-
foot tall trees were growing very well, and no combustible gas was present
ir the soil atmospheres.

As can be seen from Table 1-32, there is tn excellent correlation be-
tween the presence of landfill gases in the vegetation root zone and poor or
no vegetation growth.

Soil temperatures were measured on and off the landfill and in gas and
no-gas areas. The results are plotted in Figure 1-2. In general, the
temperature decreased with increasing depth. The highest temperatures were
fcond where combustible gases were present on and off the landfill. The
lowest temperatures were found off the landfill in the area where no combus-
tible gases were present.
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TABLE 1-32. PERCENT COMBUSTIBLE GAS IN SOIL ATMOSPHERES
AT LIVING, DYING, AND DEAD VEGETATION

DAY 1SLANT LANDFILL, EUGENE, OREGON

co

•H Is
> -P
•H V

0)
>

f? _.
•H C
>> 0
O -rt

-P

tO
•d a;a) >
o>
O

.~-:<unple
Locution

Aojacsn^. Ld-Fl

On Ld-Fl

On Li-Fl

On Ld-Fl

Adjacent Ld-Fl

Adjacent Ld-Fl

Adjacent Ld-Fl

On Ld-Fl

On Ld-Fl

Description of
Vegetation

Healthy trees and grass.

Grass and weed cover growing
very well.
A living but not thriving
black oak planted two
years previous.

A living but not thriving
broadlerf maple planted
two years previous.

Grass and weeds doing poorly
Many large dead trees.

Good grass cover. Dead white
ash & broadleaf maple trees.

Scattered live brush & grass
Quite a bit of barren soil;
Scattered dead & dying trees.

Barren, no vegetation.
. .Barren̂  no vegetation.

De-id red oak that was planted
two years previous.

Approximate %
Combustible Gas
Concentration At
Various Depths

0 at 1' and 3'

0 at 1' and 16"

0 at 1' and 2';
>15 at 3'

0 at 1' ard 2'

>15 at 3'

0 at 1 ' :.
5-15 at 3'

5-15 at 1'
>15 at 3'

5-15 at 1' and
16"

5-15 at I1;
>15 at 30"

Soil
Coniition

-

Very hard below 16"

Topsollr light gray-
brown, pleasant odor.
barely moist.

Hard ground below 2'

„

_

_

Septic odor, dark
colored & u<̂ rp: very
hard below l6"

Septic odor, black
and wet
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John Fowler's Fain, West Salem, Oregon

Approximately wo acres of John Fowler's wheat field is located over
about twenty feet of demolition waste that was deposited in 1968-69. This
if. a small section of a niuch larger wheat field. The wheat growing over the
former landfill appeared to be almost as healthy as that growing in the
v::.i-£in soil, non-refuse area. Combustible gas was found at less than half
the ter.t stations and then only at very low concentrations. However, there
were? some areas where surface settlement had been so extensive that the
area could not be cultivated until it was refilled and replanted. Farmer
Fowler also reported that he experiences difficulty in maintaining an
ade^uate water supply in the soil over this refuse area because the shallow
soil cover tends to dry out quickly between waterings.

Table 1-33 summarizes the data obtained from the test stations. The
sell was very hard at many of the test stations located over the former
demolition landfill.

TABLE 1-33. PERCENT COMBUSTIBLE GAS FI SOIL
ATMOSPHERES IN WHEAT F-ELD

JOHN FOWLER'S FARM, WEST SALEM, OREGON

Sample
Location

On Ld-fl

On Ld-Fl

On Ld-Fl

On Ld-Fl

On Ld-Fl

On Ld-Fl
(In Settled Area)

Adjacent Ld-Fl

Vegetation
Quality

13-15" tall wheat

10-21" tall wheat

13-31" tall wheat

lU-20" tall wheat

11-23" tall wheat

Scattered weeds
(in settled area)

12-27" tall wheat

Combustible Gas
Readings

0 at 3'

Minor at 21"

0 at 3'

0 at 3"

0 at 1:

Trace at 2'

0 at 31

Soil
Condition

Hard to very hard

Damp and dark brovr
extremely hard
below

Soft

Rocklike at 8 inch
depth

Hard object at 1'

Soft to 33"

Varying from hard
to soft

NOTE: Many grr.nll green aphid-like insects
and many potato beetles were visible
on the wheat.
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JVeamont Park, Idaho Falls, Idaho

This 15-1? acre situ WHS a dump where open burning was practiced for
forty years prior to it toeing converted into a sanitary lancifill in 1970.
Landfilling with municipal refuse was practiced iron 1970 through 1972. The
unburned refuse ranged in depth from 0 to 15 feet. After the landfilling
ceased the process of converting the site into a park began and was still
proceeding at the time thnt this data was collected. Due to variability in
the composition of the refuse, a good deal of variability in the stability
of the soil and landfill gas concentrations would be expected over the sit<;.

In general, the grass was growing well throughout the park. However,
many trees seemed to be having growth problems. Many dr.-ad and dying spec-
imens were observed. Some of the deaths were apparently due to 3)001- pl.sr.-
ting practices; in one case the root ball of a ten-foot high cypress tree
was oniy half buried.

Data was collected, comparing trees vhich appeared to be dead or se-
verely stressed with trees of similar size that were not exhibiting any
stress symptoms (Table I-3lL)- Trees that didn't exhibit any evidence that
they had been subjected to poor planting practices were chosen for compar-
ison. The dying and dead trees included: a nine-foot high blue spruce
experiencing about ninety percent needle less, a fifteen-foot high dead
bassvood tree arid e. fifteen-foot high dead white spruce. These dead and
dying trees vere compared with trees of the same species that appeared
healthy. None of these trees were recent transplants to the park.

The data collected doesn't indicate tuat there is any direct relation-
ship between the dsmiso of the trees and the occurrence of .landfill gas
pollution In the soiJ of this park.
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TABLE 1-3U. PERCENT COMPOSITION* OF SOIL GASES
AT GOOD AND POOR GROWTH TREES

FREMONT PARK, IDAHO FALLS, IDAHO

Good Tree Growth Poor Tree Growth

White Blue White Blue
Basswood Spruce Spruce Basswood Spruce Spruce

I

Sample Depth

°2

co2

Combustible Gas

1' 1'

18*

2

0 0

1'

8

8

0

1' 1'

7̂  10

35 10

3 0

1'

13

3

0

^Average of 1-3 readings

Red Baron Alfalfa Field, Idaho Falls, Idaho

This landfill was completed in 1970 with ten to fifteen feet of munic-
ipal refuse. Alfalfa and rye grass were planted in 197°> but neither grey
very well on the landfill. Settlement was observed to be severe over most
of the site making cultivation difficult. The person responsible for fann-
ing the area felt that settlement was not the only problem. He noted that
the ulfalfe. didn't grow well over the refuse.

The ontire area being farmed was not on refuse. It was observed that
the alfali'a planted off of the landfill was growing very well, reaching two
to three feet in height. The alfalfa growing over the refuse was difficult
to find. What was growing was mostly less than one foot in height. Weeds
and grass were, also growing better in the area off the refuse.

Comparisons were made of the soil atmospheres in the area over the
refuse and that adjacent to the1 refuse (Table 1-35). The soil appeared to
be of: better quality on the virgin land. The cover on the landfill also
appeared to be a little shallow, only about a foot in some areas. Combu.j-
tible gas and C0? concentrations were very high beneath the poor alfalfa
growth and zero Beneath good growth.

This site exemplifies the problems that can occur irfien trying to grow
vegetation on a completed sanitary landfill. These problems incluae:
settlement, poor soil conditions, difficulty in maintaining a satisfactory
water ualance, and pollution from landfill gases. It appears that a com-
bination of these factors is probably responsible for the vegetation growth
problems encountered on this former landfill.



TABLE 1-35. PIECENT COMPOSITION* OF SOIL GASES
AT GOOD AND POOR GROWTH AlfALFA

RED BARON ALFALFA FIELD, IDA.HO FALLS, IDAHO

Sample Depth

Good Alfalfa Growth
(Adjacent to landfill)

Poor Alfalfi Growth
(On

3'

CO,,2

Combustible Gas

0 34

0 >50

*Average of 2-3 readings

Idaho Falls Child Development Center, Idaho Falls, Idaho

The Child Development Center is =. sptrial school for handicapped
children. The school was constructed on i. former sanitary landfill in 1971.
The landfill operated from 196"! to 196U .;spos:ting an average of about eight
feet of municipal rei\ise. Settlement hr.d damaged the building to the extent
that a new roof had to be put .on the stricture.

Problems wer? reported with SOTOJ of the trees ^hat were planted when
the site was landscaped in 1971-157'̂ . Two blue spruces were said to be
having problems growing. Since planting, the trees have grown very poorly
exhibiting only sparse growth during most of the years.

An on-site inspection revealed that the most probable reason for the
poor growth was a cement factory located across the street from the center.
The needles were covered with cement dust to the extent that shaking the
tranches caused a cloud of dust to rise. Combustible gas readings near both
tiv 2s were very low, ranging from zero to five percent at the three foot
depth. Oxygen and carbon dioxide readings at the same depth were about
normal, oxygen being aroxuid twenty percent and carbon dioxide 0.5 percent
or less.
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AP?KKT:IX J

'.̂ il: SURVEY DATA-MIZTCRAL CON.vlITUENTS AND SOIL PHAS, CTc/RISTICS

TA3L1-: J-l.

Soil Constituar.t

Ib/acre

Magnesium
Phosphorus
Potassium
Calcium
Ammonia-nitrogen
Nit.rate-ni t.rogen
Organic matter
Moisture

ppm

Iron
Manganese
Copper
Zinc
Boron
Iron/Manganese
Conductivity
PH

F.EGION Ar - TROPICAL, W-;T

jercent

Sand
Silt
Clay

Top Soil

No Gas Gas

782
6

13U •
12,125

8
119
3.9

800
b

130
9,750

15
108
2.0

Tr.
6.25
0.90
0.70
0.31

3.7
7.7

65.0
22.0
13.0

Tr.
8.75
0.65
1.75
0.3U

k.2
7.8

55-0
28.0
17.0
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Scn.1 Constituent

Ib/acre

Magnesium
Phosphorus
Potassium
Calcium
Ancionin-nitrogen
Nitrate-nitrogen
Moistme
Orgcuic Matter.

T/LLE J-2. REGION BS - STEPPE

Top Soil

No Gas Gas

Iron
Manganese
Copper
Zinc
Boron
Iron/ Manganese
Conductivity
pH

percent

Sand

Clay

120

600
2

i+00
200

2.U
20.0

9-5

2.U '
2.0
0.32
0.60
1.95
1.2

< 0.10
8.5

Uo
3U
26

800
3

uoo
7.800

1.0
17.0

•10.9

-
-
-
2.0
-

< 0.10
8.U

W*
36
20
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TABLE J-3.

Soil Constituent

Ib/acre

Magnesium
Phosphorus
Potassium
Calcium
Ammonia-nitrogen
Nitrate-nitrogen
Moisture
Organir Matter

Iron
Manganese
Copper
Zinc
Boron
Iron/Manganese
Conductivity

percent

5. and
oilt
Clay

REGION BW - AKID, DESERT

Top Soil

No Gas

800
106
282

1,662
11.5
2.e
1.6

0.63
8-3
0.25
0.71
0.3̂
0.08
0.3U
8.2

59.8
27.8
12. U

uas

800
176
297'

1,700
69.3
12.3

0.50
12.7
O.U2
0.70
0.55
0.39
0.99
8.0

66.0
21.7
12.3

121

Sub Soil

No Gas

&00
152
328

1,683
17.3
3.7

1.3

0.81
33.7
0.38
0.91
0.86
0.0?
0.79
8.1

61.0
• 26.7
12.3

Gas

800
227
253

1,850
17.0
2.0

1.5

3-00
37.0
0.25
5.00
0.30
0.09
O.U4
8.2

68.0
22.0
10.0



TABLE J-U. ' REGION Cf - SUBTROPICAL, HUMID

Soil Constituent Top Soil Sub Soil

No GasNo Gas Gas

lb/acre:

Magnesium
Phospnorus
Potassium
Calcium
Ammonia-nitrogen
Nitrate-nitrogen
Moisture
Organic Matter

EPS

Iron
Manganese
Copper
Zinc
Boron
Iron/Manganese
Conductivity (Mols)
pH

percent

Sand
Silt
Clay

l6U
63
103
827
8.5
13-7
9-3
1.9

1̂ 9
60
32

1.2U8
k. 5
11.3
8.6
2.1

22U
9
Ug

1*11
3-9
3.6
5-9
0.8

55-2
19-5
0.68
2.8
0.27
2.83
0.11
5.6

66.7
18.3
15.0

70.8
23-2
1.16

0.26
3.05
0.13
6.0

76.3
12.6
11.0

11. k
0.76
1.9
0.22
2.15
0.10
5-8

66.7
13.3
20.0

9
72
310
10.0
10.0
8.5
1.2

102. U
25-5
1.00
7.5
0.2U
U.02
0.10
5.8

66.7
Ik. 7
18.7

122



TABLE J-5. REGION Cs - SUBTROPICAL, DRY SIMffiRS

Soil Constituent Top Soil

No Gas Gas

Magnesiai
Fhosphor>_.
Potassium
Calcium
Ammonia-nitrogen
filtrate-nitrogen
Moisture
Organic Matter

Iron
Manganese
Copper
Zinc
Boron
Iron/Mangane se
Conductivity
PH

percent

2,308
1,07>

163
3,275

l*.8
27.8
5.1

22.7

2 . U
13.6

5-09
5.22

0.18
0.8U
7.3

Sand • 37.3
Silt 29.3
Clay 33.3

*Significant difference at P = O.c;

2,,* .
1,130
l,W+o
2,508 *

9.0*
29-6
7-6

26.8 •

11.1
6.18
7.72

0.39
1.05
7.0

39.3
28.6
32.0

123
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TABLE T-6. REGION Dca - TEMPERATE, CONTINENTAL, HOT SUM4ERS

Soil Const Ltuent Ton Soil Sub Soil

Ib/acre

Magnesium
Phosphorus
Potassium
Calcium
Ammonia-nitrogen
Nitrate-nitrogen
Moisture
Organic Matter

Iron
Manganese
Copper
Zinc
Boron
Iron/Manganese
Conductivity (mohs)
PH

percent

Sand
Silt
Clay

[o Gas

125
15C '
80

1+5U
t r-*• j

L0.6
6.3
1.0

58.2
17.5

3.5
5.5
0.36
3-32
0.10
5.7

81*. 7
8.1+
7.0

Gas

• 186
lUl
10U
61+5

37.1
23-?
y.7
1.7

10U.3
3^.3

U.3
6.3
0.23
3.01*
0.18
6.0

76.2
15.7
3.1

) Gas

51
73
72
92
6.8
10.5
8.U
0.9

57.5
11.7
1.5
2.2
0.18
4.91'
0.12
5.1*

85.8
7-3 '
7.0

Gas

39
73
86
97
35-1
17.1*
10.8
0.9

186. 1*
22. U
1.9
2.1
0.13
8.32
0.12
5-7

83.2
10.3
6.6



J-7. REGION Deb - TEMPERATE, CONTINENTAL, COOL SUMMERS

Soil Constituent Top Soil

Ib/acre

Magnfcsiuji
Phosphorus
Potassium
Calcium
Ammonia-nitrogen
Nitrate-nitorgen
Moisture
Organic Matter

Iron
Manganese
Copper
Zinc
Boron
Iron/Kanganese
Conductivity (mohs)

PH

percent

Sand
Silt
Clay

o Gas

209
ll+O
1-12
965
10.5

U61.0
1U.8

3.1*

0 1*
k.Q
0.15
0.80_

0.08

5.7

78.3
13.1
8.6

Ga:.

196
121
150

2,31+9
33.6 <

1*71.3
15.8

2.2

„ 62. 1*
10.8

0.1*5
7.0C
0.17
5.8

5.9

81.1
ll!3
7.8

Significant difference at P = 0.01

125



TABLE J-8. 3EGION Do - TEMPERATE OCEANIC

Soil Constituent

Ib/acre

Tor> Soil Sub Soil

No Gas

Magnesium
Phosphorus
Potassium
Calcium
Ammonia-nitrogen •
Nitrate-nitrogen
Moisture
Organic Matter

ppm

Iron
Manganese
Copper .
Zinc
Boron .
Iron/Manganese
Conductivity (mohs )
pH

percent

Sand
Silt
Clay

800
166
15U

2,676
2.T
23.8
8.2
2.2

116.7
60.0
U.7
10. U
0. '.it

i.ys
0.12
6.U

56.6
30
16

Gas

800
I8o
111+
,573
22.7
22.0
11. U
2.1

162.9
75.5
6.5 *
17.0 *
0.57
2.16
0.26 «
6.9

2U.8
1U.8

No Gas

Bop'
206
181

2,760
1.7
22.9
23-7
2.9

116.0
58.3
3.3
3.1
0.32
1.99
0.19
6.5

Gas

800
136
175

2,213
71.6
52.5
11.7
3-5

2̂ 7.7
101.3
6.2
6.5
0.3̂
2.71
0.28
6.5

52.3 51.3

*Significant differences at P = 0.05



TABLE J-9. REGION H - HIGHLANDS

Soil Constituent

Ib/acre

Magnesium
Phosphorus
Potas5,ium
Calcium
Ammonia- nitrogen
Nitrate-nitrogen
Moijture
Organic Matter

Top Soil Sub Soil

Iron
Manganese
Copper
Zinc
Boron
l^on/Manganese
Conductivity
PH

percent

Sand
Silt
Clay

No 'Gas

7*4-1

s

166
8,789

1.9
1U.2
17.1
1-5 •

2.U
3.6
0.28
0.85
6.U8
0.67

. 0.10
8.3

5U
30
16

Gas

753

181
7,608

0.9
17.6
16.?
2.7

2.9
13-9
0.20
U.OO
6.70
0.21
C.'dO
8.1

60.8
24.8
1U.8

No Gas

690
10
95

1.0
10.0
8.8
2.9

2.1+
8.U
0.30
0.93
0.29
0.29
0..11
8.

76
17
7

Gas

20U
192

8,U20
2.
U8.
22.
6.5

2.0
12.0
o.Uo
1.60
1.1U
0.17
0.15
8.0

81
lU
5



TABLE J-10. MEAN PERCENT (%) CHANGE IN CONTENT OF CONSTITUENTS OF SOILS
FROM 9 CLIMATIC REGIONS AS SOIL PROCEEDED FROM NO-GAS TO HIGH GAS CONre»r'.10>1J.

rONS

ro
oo

Soil
Constituent

Mg *
P
K
Ca
NH -N

NO -N

H20

O.M.
Fe
Mn
Cu
Zn
B
Fe/Mn
C.
PH

Sand
Silt
Clay

*See page 129 for abbreviation key.

Ar
P.P..

1 2.3
- 0.0
- 3.0
- 19.6
- y.2
+ 87.5

-

- 1*8 7
- 0.0
+ 1*0.0
- 27.8
+150.0
+ 9.7

-
+ 13.5
+ 1.3

- 15.1*
- 27.3
+ 30.8

Bs
Utah

- 0.0
+ 50.0
- 0.0
+ a, 3- 15.0
- 56.3
+ li*.3

- 22.1
-
-_

Bw
Des.

- 0.0
+ b6.0
+ 5.3
+ 2.3
+ 33-9

+1*87.3
-

+ 31.3
- 20.6
+ 53.0
+ 68.0

Cf
s.

-
-
+
-
-
-
+
+
+
+

9.2
1*. 8

20.1*
50.9
17.5
1*7.1

7.5

9.1*
28.3
19.0
70.5

- 1.1* +1*10.0
+ 2.6

-
- 0.0
- 1.2

+ 10.0
- 5-9
- 23.0

+ 61.8
+357.5
+191. 2
- 2.1*

+ 10.1*
- 21.9
- 0.8

-
+
+
+

+
-
-

3-7
7.8

18.1
7.2

11*. 1*
31.1
26.7

Cs
Cal.

+ 1*.7
+ 5.2
- 11-7
- 23. H
+ 6.5

+ 87.5
+ 1+9.0
+ 18.1
+ 79-2
- 18.1+
+ 21.1*
+ 1+79

-
+ 116.7
+ 25-0
- ^-3

+ 5 i^
- 2.1+
- 3.9

Dca
N.E.

+ 1+8.8
- 6.0
+ 30.0
+ 1*2.1
+125.5

+672.9
+ 51*. o

+ 79.2
+ 96.0
+ 22.9
+ 11+.6
• 36.1
- 8.1*
+ 80.0
H ^.2

- 10.0
+ 86.9
+ 15-7

Deb
M.A.

6.
- 13-
+ 33.
+ 19.
+ 2.

+ 221.

+ 6.

- 35-
+15500.
+ 125.
+ 200.
+ 785.

-
+ 7150.
+ 66.
•4- 3* ~J'

+ 3-
- 13.

9-

2
6
9
5
2

9
8

2
0
0
0
0

0
7
5

6
7
3

Do
N.W.

- C.C
+ 13-9
- 26.0
+ 3.8
- 7.6
+800.0

- 12.7

- 9.3
+ 39.6
+ 25.8
+ 38.3
+ 63.5
+ 67.5
- 10.8
+117.0
+ 7.8

- 12.0
+ 8.8
+ 10.5

H
Mts.

+ 1.6
+ 37.5
+ 9.0
- 13.1*
+ 23.9
- 52.6

+ 5.3

+ 79.1
+ 28.0
+P-86.0
- 28.0
+370.0
+ 3-1*
- 68.6
+100.0
- 2.U

+ 12.6
- 17.3
- 7.5

Mean of 9
Regions

+ 1*.6
+ 16.5
+ 1-9
- 7.8
+ 15.9

+ 239-3
+ 15.6

- 2.7
+1967.0
+ 78.3
+ ^5-7
+ 218.0
+ 1+6.1
+1085.0
+ 67.9
+ 1.6

+ 2.3
- 2.7

1.6
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TABLE J-10. (continued)

LIST OF ABBREVIATIONS*

Magnesium

Phosphorus

— Potassium

—. Calcium

— Aaunonia-nitrogen

— Nitrate-nitrogen

— Moisture

— Organic Matter

— Iron

— Manganese

— Copper

— ?;inc

— Boron

— Iron/Manganese

— Conductivity

Mg

P

K

Ca

NH--N

NO--N

H20

O.M.

Fe

Mn

Cu

Zn

B

Fe/Mn

C.
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Taking Care of Nature
Although fire can be threatening and destructive, it is
an invaluable natural resource management tool that
helps restore and maintain ecosystems.

Since 1975, the Forest Preserve District of DuPage
County has used controlled burning to help restore
native ecosystems and help clear way weedy, non-
native vegetation.

The District manages more than 23,000 acres of open
space at more than 50 different preserves. Picnic and
camping areas, trails and parking lots make up only 10
percent of the District's land holdings. The remaining
90 percent is to remain in a natural state. To help
restore and preserve the biological integrity of this
land, the District uses fire as a key management tool
on as much as 2,000 acres each year.

Natural History of Fire
Prior to 1830, when northern Illinois was tall grass
prairie and savanna, fire was as much a part of the
landscape as the naturally occurring forces of

http://www.dupageforest.com/CONSERVATION/burning.html 10/8/99
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droughts, floods, blizzards, insect infestations and
disease outbreaks.

Our native plants and animals are adapted to life with
periodic burning. The main growing part of most
prairie plants is in the roots. Some plants have roots
up to 14 feet deep. Therefore, roots of native plants
are not damaged by fire.

In pre-settlement times, fire occurred naturally, but
was also started intentionally by man. Deliberately set
fires were an important tool of native Americans who
used fires to control flies and mosquitoes, to reduce
ground cover for ease of travel and for hunting.

Today's man-made controlled fires simply continue a
process that nature had started thousands of years ago
on the Illinois prairie.

Why We're Burning
Fire is often perceived as a destructive and deadly
force that scares people, but the Forest Preserve
District views fire as a natural and necessary
component of native ecosystems. While fire can be
destructive under some circumstances, it enhances
ecosystems when used properly.

When DuPage County was prairie, wetland and
scattered open forests, naturally occurring wildfires
frequently swept through this landscape and kept our
prairies and woodlands open. Today, the District
maintains this open landscape and controls non-native
and invasive plant growth with controlled burns. The
fires maintain these areas by killing or stunting
invading woody and brushy vegetation, and recycles
nutrients back into the soil while promoting the
growth of native fire-tolerant plant species.

Because of the speed of the flames and the insulating
properties of the soil, animals can avoid the fire.
Directly behind the fire line, the ground is barely
warm to the touch; and except for the charred plant
remains, life goes on after the burn.

Fire benefits native plant growth by burning off dead
accumulated plant material. Accumulation of this
"litter" can lower the soil temperature and retard seed
germination and plant growth. The material also tends

http://www.dupageforest.com/CONSERV ATION/burning. html 10/8/99
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to absorb rainfall, preventing it from reaching plant
roots. By reintroducing fire into the landscape, we are
able to restore some of the functional qualities of a
true natural ecosystem.

Our plants and animals have lived harmoniously with
fire over the centuries. Today, many native
wildflowers are decreasing and non-native, invasive
plants flourish as the county has become more
populated. With the help of controlled burns as well as
other natural resource management techniques, many
native plant species are beginning to make a
comeback.

Safety First
Any fire can be dangerous if not kept under control.
Prior to a controlled burn, variables affecting fires are
studied carefully. Wind conditions, humidity,
temperature and the amount of moisture in plant
material are all monitored by District ecologists and
fire control crews who are trained to meet National
Wildfire Coordinating and Group standards.

All fires are conducted with permits from the Illinois
Environmental Protection Agency and local fire
departments. The DuPage County Health Department,
local police, DuPage County Sheriff, local and
adjacent fire departments are all in close
communication during the burning process. In
addition, letters are sent to residents adjacent to
designated burn sites. Replies to these letters assist the
District in addressing health or other special concerns.

To Learn More
Visitors can get a closer look at the effects of fire on
the natural environment by joining one of the
District's naturalist-guided tours of a controlled burn
in the spring or fall. A District representative can also
visit groups and homeowner associations to further
explain the reasons and benefits of the District's burn
program. Watch for announcements of these
fascinating programs in your local newspaper or in the
District's quarterly publication,The DuPage
Conservationist. If you have any questions or would
like to schedule a speaker about controlled burns,
please email or contact the Public Affairs Office at
(630)871-6406.

http://www.dupageforesT.com/CONSERVATION/burning.html 10/8/99
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Fart.nScl.. Vol. 27, No. I, IMI.pp. 13-18
Copyrijht 1981, by ihe Society of American Foresters

The Adaptability of 19 Woody Species in
Vegetating a Former Sanitary Landfill

EDWARD F. OILMAN
IDA A. LEONE
FRANKLIN B. FLOWER

ABSTRACT. Ten replicates of 19 woody species were planted on a lO-yeaj-old, completed san-
itary landfill. An area of nearby old forest land served as a control. During the first 2 years after
planting, blackgum (Nysm sytvatica Marsh.), gingko (Gingko biloba L.), and Japanese black
pine (Finns ihitnbtrgii L.) tolerated the landfill conditions better than others. Soil oxygen, carbon
dioxide, moisture content, bulk dens/ty, and temperature affected the survival of vegetation on
the landfill. FOREST Set. 27:13-18.

A D D I T I O N A L KEY WORDS. Nyssa sylvaiicn. blackgum, revegetation.

THE PRESSURES OF POPULATION EXPANSION and urbanization have prompted a
reappraisal of anticipated uses for completed refuse landfill sites. In rural areas,
intensifying land use has resulted in attempts to use completed landfills for parks,
reforestation, and growing commercial crops. Numerous farmers, landscapers,
and foresters have encountered mixed success in trying to establish agricultural
crops, trees, and shrubs on landfills throughout the country (Flower and others
1978).

Various investigators have experienced difficulties in growing vegetation at
completed sanitary landfill sites. Stunting of corn (Zea mays Sturtev.) and sweet
potatoes (Ipomoea batata L.) became evident in areas adjacent to a New Jersey
site where gases had migrated away from the landfill into the root zone of corn
and sweet potato plants (Leone and others 1977). Death and poor growth of
loblolly (Pinus taeda L.) and other pines planted on such sites in southern Ala-
bama have also been attributed to the presenceof^ferrneniation gases in the soil
environment (Flower and others 1978). PooFtree growth in these areas has also
been associated with lack of soil moisture and increasing amounts of ammonia
nitrogen, iron, manganese, zinc, and copper (Flower and others 1978).

The objectives of this investigation were to determine which species, if any,
can maintain themselves in a landfill environment and to identify those factors
which are most important in maintaining adequate growth of American basswood
(Tilia americana L.; a reportedly sensitive species).

MATERIALS AND METHODS

Site Preparation.—The screening experiment was conducted on the Edgeboro
Landfill, located on a marsh adjacent to the Raritan River in South River, New

The authors are, respectively, Post-Doctoral Fellow and Professor, Department of Plant Pathology,
and Cooperative Extension Specialist, New Jersey Agricultural Experiment Station, Rutgers Uni-
versity, New Brunswick, NJ 08903. This work was supported by the U.S. E.P.A. Solid and Hazardous
Wastes Division, Cincinnati, Ohio. Grant IR803762. Manuscript received 31 July 1979 and in revised
form 4 August 1980.
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TABLE I. Sum of Student's "I" (1.1) for nineteen species growing on the landfill
and control plots in Edgebor, New Jersey.

Growth on landfill is
percent of control

Rank

I
2
3
4
5
6

7
8
9

10
11
12
13
14
15
16
17

18

Species

Blackgum
Norway spruce
Ginkgo
Japanese black pine
Bayberry
Hybrid poplar
(roofed cuttings)
White pine
Pin oak
Japanese yew
American basswood
American sycamore
Red maple
Sweetgum
Winged euonymus
Green ash
Honeylocust
Hybrid poplar
(seedlings)
Weeping willow
Rhododendron

Nyssa sylvatica
Pic ea a bits
Ginkgo biloba
Pinus ihunbtrgii
Myrica ptnnsylvanica
Populus spp.

Pinus strobus
Quercus palustris
Taxus cuspiiaia
Tilia americana
Ptatanus occidenialis
Acer rubrum
Liquidambar siyraciftua
Euonymus alatus
Frtuinus ptnnsylvanica
Gleditsia rriacamhus
Populus spp.

Salix babylonica
Rhododendron 'Roseum

Elegans'

Shoot

81
106
100
73
84
69

72
58
78
53

103
33
48
29
37
7

15

13

All

Stem
area

increase

Percent
118
104
59
96
70
27

77
66

130
67
63
56
43
65
42
26
0.2

0.1

Leaf
bio-
mass

75
92
97
75

115
71

74
80
51

120
68
37
49
17
41
12
12

33

I"/"

2.66
3.22
4.95
6.59
6.62
8.13

8.94
8.96*
8.98
9.48'

10.66
10.95*
12.62'
14.25*
14.87*
15.05*
20.33*

21.20-

plants died

* Growth on the control was significantly greater (P < 0.05) than landfill plot for all three growth
parameters.

Jersey. The deposited refuse was reported by the owner to be approximately 9
m deep. The general municipal refuse filling was completed at this location early
in 1966. Later that year, 15-25 cm of soil were reportedly placed over the refuse
as a final cover.

The experimental plot measured 22 m x 33 m (726 m2) and the control plot,
located approximately a quarter of a mile away on a formerly undisturbed wood-
land was 14 m x 33 m (462 m2) in area. Thirty cm of sandy subsoil were spread
over both the experimental and control areas followed by 15-25 cm of topsoil.
Because there were 5-6 cm of original soil cover over the refuse prior to con-
struction, this brought the total cover on the landfill to approximately 60 cm.

Selection of Species.—Nineteen woody species (Table 1) were selected for
screening on the basis of their tolerance to low oxygen environments, ubiquity,
seasalt tolerance, city tolerance, aesthetic landscaping purposes, or susceptibility
to landfill gases.

Experimental Design.—Trees were planted in a nested design with two plots
(landfill and control), five areas nested within each plot and two trees of each of
the 19 species nested within each area. Thus, 10 replicates of each species were
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•ecies growing on the landfill

Growth on landfill as
percent of control
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Stem
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118
104
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96
70
27

Leaf
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mass

75
92
97
75

115
71

s-r-

2.66
3.22
4.95
6.59
6.62
8.13

72
58
78
53
103
33
48
29
1

fo—

77
66
130
67
63
56
43
65
42
26
0.2

74
80
51
120
68
37
49
17
41
12
12

8.94
8.96*
8.98
9.48*
10.66
10.95*
12.62*
14.25*
14.87"
15.05*
20.33'

13 0.1 33

All plants died
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Table 1) were selected for
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design with two plots
1 two trees of each of
of each species were

planted on both plots. The data were subjected to analysis of variance (Zar 1974)
and principal components analysis (Harman 1967).

Soil Parameters.—In order to characterize the landfill cover-soil gaseous envi-
ronment, gas samples were collected at the 30 cm depth from 42 buried samplers
on the landfill and from six samplers on the control plot approximately every 2
weeks, beginning in March and ending in August 1977. Gas samples were" col-
lected with gas-tight syringes and analyzed for oxygen, carbon dioxide, nitrogen,
and methane in a Carle Instrument Model 8500 gas chromatograph. Soil temper-
atures at the 30 cm depth were recorded at the same sampling points and on the
same dates as were the gas measurements.

Beginning in mid-March 1977, soil moisture measurements (percent dry weight)
were made at 2-week intervals on six samples from the landfill and four from the
control screening area. Soil bulk density (g/cc) in the top 15 cm was measured at
six areas in each plot.

Tree Parameters.—In the fall of 1976, the length of the leader shoot (if present)
which would become the main trunk, and the lengths of the three next longest
shoots of each tree were measured. When a leader shoot was not present, the
four longest shoots were measured.

In order to measure the shoot length in 1977 for a particular plant, six shoots
were randomly selected from each deciduous tree, shrub, and Japanese yew in
the following manner when the plants stopped growing. Each shoot was measured
from the past year's bud-scale scar to the tip of the current year's terminal bud.
Because evergreen trees, other than Japanese yew, and hybrid poplar rooted
cuttings produced a true leader shoot, this was measured in addition to five other
randomly selected shoots from each plant.

In March and September 1977, stem diameter was measured at the same height
on each tree in both plots with metal tree-calipers. Nine species were measured
at 30 cm from ground level, the remaining ten species were measured from 10 to
30 cm from the base of the trunk. The stem diameters were converted to cross-
sectional stem area and the data reported as the percent increase in cross-sec-
tional stem area from March to September.

Four leaf weight samples were collected from each plant in 1977. Four shoots
were selected at random, and all the leaves or needles from each placed in a
separate bag, dried for approximately 24 hours at 65°C, and then weighed.

Multiple Regression Analysis.—Sixty-two American basswood trees (22 on con-
trol, 40 on landfill) were planted in the spring of 1976 in order to assess the effect
of different levels of the soil parameters (carbon dioxide, oxygen, methane, tem-
perature, moisture content, and bulk density) on tree growth. Basswood was
suited because it was reported to be sensitive to high landfill gas concentrations
(Flower and others 1978). A priori measurements of the various soil parameters
showed that basswood trees were planted in areas representing a large range of
soil environments. The backward elimination regression procedure (Draper and
Smith 1966) was used to estimate those equations which best represented the
variability in basswood growth measurements. The restrictions placed on the
regression procedure were coefficients and F values significant at the 0.01 level.

RESULTS

Soil Parameters.—The mean carbon dioxide (CO7), methane (CHJ, and temper-
ature (°C) on the landfill soil were significantly higher and the oxygen (O*) and
moisture content (M.C.) significantly lower (P < 0.01) than on the control plot
(Table 2). Bulk density (B.D.) was similar for both plots.
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TABLE 2. Mean carbon dioxide, oxygen, methane, temperature, moisture con-
tent, and bulk density on the landfill and control screen areas.1

Parameter

Carbon dioxide (percent)2

Oxygen (percent)1

Methane (percent)5

Temperature ("Q
Moisture content (percent dry wi.)
Bulk density (g/cc)

Landfill

5.5 b
17.8 a
0.9 b

19.0 b
8.1 a
1.8 a

Control

1.2 a
19.7 b
0.0 a

17.9 a
l l . O b
1.8 a

1 Row means followed by different letters are significantly different with Student's "r" test
(/> < 0.01).

1 Percent volume in gas sample.

Survival and Growth of Trees. — Significantly (P = 0.07) more trees died on the
landfill (38) than on the control (24). All rhododendrons (20) died on both plots,
10 hybrid poplars (7, landfill; 3, control), 5 hybrid poplar cuttings on the control,
6 euonymus on the landfill, 3 blackgum on each plot, 6 willows on the landfill,
and no more than 1 replicate of the remaining species died during the 2-year
study.

No one growth parameter is best suited for comparing tree growth on the
landfill with that on the control plot. Therefore, in order to rank the surviving
species for tolerance to landfill conditions, results from two different statistical
methods chosen to analyze the three growth parameters (i.e., shoot length, stem
area changes, and leaf weight) were compared simultaneously. The first method
consisted of calculating Student's "t" statistics for each parameter comparing
the trees on the landfill with those on the control plot. The sums of the three
"/" values for each species were calculated (I"/") and ranked in order from
smallest to largest (Table 1).

The second method of analysis was the "principal components analysis tech-
nique." Since the standard deviation of each of the three growth parameters
increased with an increase in the mean value, the analysis was performed on the
natural logarithm of the original data. Factor scores were calculated for each
species on the landfill and control plots using the regression method on the first
factor (Harman 1967). The difference between control plot score and landfill score
was calculated for each species and ranked in order from smallest to largest
(Table 3). According to these data blackgum was the most tolerant and weeping
willow the least tolerant. Shoot, stem, and leaf growth on the landfill plot as
percent of control is also given for each species (Table 1).

Soil Parameters-Tree Growth Correlation. — The best equation describing bass-
wood shoot growth was

Shoot length = 22.2 + 0.4 (Ot) - 1.5 (CO2) - 0.2 (B.D. x CO2). R- = 0.53

The best leaf weight equation:

Leaf weight = 37.7 - 0.2 (highest soil temperature) - 10.1 (B.D.)

- 0.01 (M.C. x COj) +

The best stem area increase equation:
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TABLES. Factor source differences for nineteen species growing on the landfill
and control plots in Edgeboro, New Jersey.

Rank

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
IS

Species

Blackgum
Ginkgo
Japanese black pine
White pine
Norway spruce
Bayberry
American sycamore
Pin oak
Hybrid poplar (rooted cuttings)
Japanese yew
Green ash
Winged euonymus
American basswood
Red maple
Sweetgum
Honeylocust
Hybrid poplar
Weeping willow
Rhododendron

Factor score difference
(control-landfill)

0.01
0.07
0.27
0.31
0.33
0.34
0.36
0.55
0.60
0.79"
0.83"
0.84"
0.89"
0.95"
1.15"
1.76"
2.18"
2.78"

All planis died

Growth on control was significantly greater (P < 0.01) than landfill.

Stem area increase = 169.0 - 69.6 (B.D.) - 2.1 (B.D. x CO,)
. 9.6

(CO.)*'
0.53

DISCUSSION

Although gas (COt and CHJ concentrations in the experimental plot were not
high enough to account for the death of many plants, landfill soil conditions were
of a magnitude to detect the order of relative tolerance of the surviving trees
(Table 1). This ranking resulted from a consideration of the three tree variables
leaf biomass, shoot length (1976 and 1977), and stem area increase.

The ranking of species from best to poorest growth on the landfill compared
to the control was similar for two methods of statistical analysis, i.e., Student's
"/" test and factor analysis. Those species which grew significantly less on the
landfill than on the control area according to the "/" test also made significantly
less growth on the landfill according to "factor analysis" except for pin oak and
Japanese yew.

Of the nine species whose growth on the landfill was not statistically different
from growth on the control plot according to both methods of analysis, only two
(blackgum and sycamore) in the ' V test column and three (blackgum, pin oak,
and sycamore) in the factor analysis column have been reported (Hook and others
1972) to be able tc withstand low oxygen tension in soil, one of the criteria for
selecting the experimental species. Since the majority of these nine species wrre
91 cm or less in height when planted, and the majority of the nine species which
made significantly less growth on the landfill than the control plot were 182 cm
or taller when planted, further study is required to assess the effect of planting
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size on species adaptability to landfills. Possibly, the size of the tree at planting
time, as well as the biological ability of species to withstand low soil oxygen, is
important in selecting vegetation for completed sanitary landfill sites.

In order to estimate the relative effect of the soil variables on growth of trees
on the landfill plot, multiple regression analysis was performed for American
basswood because this species, unlike all the others, was replicated 62 times and,
therefore, provided for the best assessment of the effect of the soil factors on tree
growth. This species was also reported to be sensitive to high concentrations of
landfill gas (COj and CH<) (Flower and others 1978). Regression coefficients were
estimated using soil CO2, O2, and CH< concentrations, soil moisture content, soil
bulk density, average soil temperature, highest soil temperature during the grow-
ing season, and a variety of interactions and reciprocals as independent variables.
Soil bulk density, temperature, moisture content, 0.,, and COS (C02 as the re-
ciprocal to the fourth power) explained a large portion of the variance (R* = 0.53
for stem area, 0.53 for shoot length, 0.63 for leaf weight) in the three growth
parameters. In that (1)/(CO2)

4 was significantly correlated with basswood growth,
carbon dioxide appears to have affected growth at relatively low concentrations
(1-10 percent). These results are in agreement with several authors who found
that low levels of O., (Flower and others 1978) and moisture content (Gingrich
and Russell 1957) and elevated levels of CO, (Flower and others 1978), soil tem-
perature (Rattan 1974, Parks and Risher 1958, Shoulders and Ralston 1975) and
bulk density (Oilman 1978, Hopkins and Patrick 1969) are associated with poor
vegetation growth.

CONCLUSIONS

1. Blackgum, ginkgo, Japanese black pine, and Norway spruce tolerated land-
fill conditions better than others tested.

2. Soil carbon dioxide, methane, oxygen, moisture content, bulk density, and
temperature were important soil factors controlling the growth of American
basswood on the landfill plot on the Edgeboro sanitary landfill.
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FOREWORD

The U.S. Enviromriental Protection Agency was created because of
increasing public and government concern about the danger^ of pollution to
the health and welfare of the American people. ?io?cious air, foul water, and
spoiled Jand are tragic testimonies to the deterioration of our natural en-
vironment. The complexity of that environment and the interplay of itr
components require a concentrated and integrated attack on the problem.

Reseerch and development ir that necessary first step in problem solu-
tion; it involves defining tho problem,measuring its impact, and searching
for solutions. The Municipal "nvironmental Research Laboratory develops new
and Improved technology and systems to prevent, treat, and manage was.tewater
and solid and hazardous waste pollution discharges from municipal and commu-
nity sources, to preserve and treat public drinking wa.cer supplies, and to
minimise the adverse economic, social, health, and p.ccthetic effects of
pollution. This publication i.- one of the products of that research, and
provides a most vital communication link between the researcher and the user
community.

In many areas of the country, completed sanitary landfills have been
converted into parks, golf courses, and recreational areas, and woody trees
and slirubs have been planted on these areas in order to make them attractive.
The' field experiments reported here were designed to identify the critical
factors controlling vegetation growth on such sites. The study included
determination of the adaptability uf woody species to the adverse soil
environment on a corpleted refuse landfill and a study of planting techniques
for these areas.

Francis T. Mayo, Director
Municipal Environmental Research
Laboratory



ABSTRACT

This study identifies some of the critical factors that ai'.fect tree and
growth on reclaimed sanitary landfill sites and determine which -woody

species are adaptable to the adverse ̂ vowth conditions of such sites. Trees
planted at the £dgeboro Landfill, F>.st Brunswick, '.lew Jersey produced lesc,
shoot and stem growth ard shallower roots than-trees on the ..adjacent control
plot. Of 19 woody specif.s planted '( years ago on a lU-year-old landfill,
black gum and Japanese black pine proved to be the most tolerant and green as
ash and hybrid poplar the least tolerant to landfill conditions. Root sys-
tems of the more tolerant species proved to be slio.llower than those~of the
landfill intolerant sp'.cî s. Smaller planting stock (33-60 cm tall) appeared
better suited for landfill pD.Jrting than large trees (3-U m tall). Balled
and burlapped treej sr.owed better growth on the landiTIJ- plot than bare-
rooted material. Of .'ive gas barrier systems tested, three provea effective:
a soil trench underlaid by plastic sheeting over gravel and vented by rr.tans
of vertical PVC pipes: a 0. 9 m mound of soil underlaid with 30 cm of clay;
and a 0.9 DI soil-mounr with no clay barrier.

This report was submitted in fulfillment of Contract rio. R 805907-01 by
. Rutgers University urler the sponsorship of the United States Environmental
Protection Agency. The report covers the period June 1, 19?8 to Way 51, 1980,
and the work was com]leted as of December 31, 1930.
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SECTION 1

INTRODUCTION

r.?he sanitary .landfill has been demonstrated to be the least expensive
environmentally acceptable m*. is of municipal waste disposal available to
date, purportedly possessing the attribute i-~ safety in addition to the rel-
atively low cost. Though landfill sites ne.y have originally been located at
considerable distances from residential areas, rapid urban and pubx rban devel-
opment in the United States has caused many once remote dumping grounds to be
within developed areas. As such they provide an attractive source of much
neoded land for many purposes. Although conversion to recreational areas or
other nonstructural ucage has long been considered an acceptable end for
completed landfill sites, the urgent need for space and for increased tax
revenues has caused many municipalities to view completed landfills as accept-
able for commercial use as well. In rural areas, intensifying land use has
resulted in attempts to use completec1 landfills for gr^rwing cominp_-cial crops.

Regardless of the ultimate use of the landfill, certain serious disad-
vantages are inherent. Not the least of these are ecological upsets due to
leaching of infiltrates and ga.̂ es into groundwater, pollution of vater
supplies, production of toxic and explosive gas mixtures from anaerobic
microcial decomposition of the organic rantter present, and surface settlement.
High ground temperatures have also been reported in the cover material of
some completed refuse landfills.

Because abnormally high incidences of plant mortality were found on
many landfills in New Jersey (Leone et al. 1977), it was desirable to deter-
mine if similar situations existed ;in other parts of the United States and to
examine possible causes of and remedies for these vegetation growth problems.
Reports from a nationwide mail survey funded by the USEPA, MERL, Solid and
Hazardous Waste Division (Flower et al. 197<3) determined that the scope of
problems encountered when vegetating corrpleted landfills was indeed of na-
tional magnitude. The landscaper, farmer and members of the general public
would all benefit from successful vegetation projects such as parks, golf
courses and recreational areas.

As urban population continues to fcrow, we can anticipate greater stimuli
for converting former landfill sites into recreational areas and communities
may be persuaded to convert these formerly unused lajids into viable parks,
golf courses and nature areas. Thus, it is vital to develop now the ccien-
tii'ic knowledge required to perform these conversions. The goal of this
project is to help develop these criteria through the acco-oiplishment of the
following tasks:



1. To determine the relative adaptability of nineteen woody species to land-
fill conditions.'

2. To determine if rooting depth is related to the relative tolerance of
~rees to the landfill soil environment.

3. To detenrin? if small planting stock can survive on completed landfills
better than large specimens.

U. To determine if balled and burlapped plant material is better suited for
landfill plantings than bar<_ rooted material.

5. To determine the effects of irrigation on tree growth in landfill soil.

6. To determine if leaf tissue nutrient contents of t,rees in landfill soil
differs from the nur,rient contents of trees in non-landfill soil.

7. To determine the effects of high landfill gat. (C0? and CĤ ) concentra-
tions on availability of soil nutrient.3.

8. To determine the fear-ibility of constructing barriers to the passage of
toxic case?, from the refuse ir.Lo the root zone of ^as sensitive species.



SECTION 2

CONCLUSIONS

SPECIES SELECTION

1. Woody species can be grown on completed sanitary refuse landfills.

2. The viability of woody vegetation in landfill conditions differs among
species.

3. Rapidly growing trees appear to be more sensitive to landfill conditions
than slow growers. However, since "iany of the rapidly growing trees
(hybrid poplar cutting--, honey locust, red maple) produced more absolute
growtn on the landfilJ than the slow growers, rapid growers may be the
more desirable species if one is not concerned about comparing growth on
a landfill with the amount of growth normally produced on a non-landfill
area.

U. Tree species planted as small seedlings appear better suited for ?.and-
fill planting because they have the ability to quickly produce a shallow
root system, whereas, larger sized saplings require more time to produce
a shallow root system. A shallow root system may be more desirable be-
cause it allows roots to grow in a soil zone containing less landfill
gas than the deeper soil zones close to the refuse.

5. Acid-loving plants (Japanese black pine, Norway spruce, .black gum, bay-
berry} were more tolerant of landfill soil with a low pH (H.5) than of
landfill soil with a higher pH (.6.2).

6. Species tolerant to low cxygen environments (green ash, American syca-
n.ore, red maple, cweet gum, honey locust), did not tolerate landfi.il
conditions as well as other species. Lack of sufficient soil moisture
on the landfill soil was Implicated as causing poor growth of these
water loving species.

7. Species tolerance (based on comparisons of growth between landfill with
growth on the1 control) differs according to shoot growth or stem area
ir-crease. (Jinkgo, black gum, and Japanese yew were the most landfill
tclerant species when shoot length was considered, whereas Japanese yew,
white pine and Norway spruce were most tolerant when stem area increase
was considered.

8. Low soil pH valves (U.5) and high bulk densities (1.8 g/cc) may have
predisposed several species (green ash, red maple, American sycamore) to



the adverse landfill soil environment.

9. ^r. implication from the^e inver,tigat:. ̂ns is that if the study were to
continue for several more years, some species which so far proved rela-
tively intolerant lo the landfill may eventually be regarded as tolerant
because th^y may take longer to adapt to> the landfill environment.

PREVENTING GAS MIGRATION INTO ROOT ZONES

1. Concentrations of carbon dioxide, oxygen and methana in the two moonds
and gravel/plastic/vents trench were similar to those in the non-landfill
control area indicating that these three gas barrier techniques are
suitable for application in landfill vegetation projects.

2. American basswood trees growing in 0.9 m (36 in.) thick soil mounds
(either unlined or lined with a 30 cm (12 in.) thick clay barrier) and
in the gravel/plastic/vents trench genercJLly produced more stem and
shoot growth than trees in unmodified landfill soil. The other two
trenches' gas-barrier systems did not promote better tree growth than
the unmodified landfill areas.

3. American basswood in the gravel/plastic/vents trench and in the clay
mound accumulated more of eight plant nutr.'.ents than trees in the
unmodified landfill screening area.

EFFECTS OF SOIL FACTORS ON TREE GROWTH

1. Trees survived in landfill soil containing 3.9% C02, O.U% methane and
18.8$ 0 but were killed in soil containing 22.3$. C02, 12$ CT.̂  and k.3%,
Op. Trees cannot survive in soil containing these quantities of gas.

2. Irrigation significantly enhanced sugar maple growth in the landfill
plot but not in the control.

3. When levels of C02, CH. , 02 and soil moisture in landfill soil change to
levels not present in non-landfill soils, effects of these soil para-
meters on plant growth override the effects of the meteorological factors
which normally affect tree growth.

k. Multiple regression analysis has shown that the soil environment on the
landfill plot affected the ability of sugar maples to open and close
their stonata. This may have caused some of the growth problems for
trees on the landfill. However, on the control plot, meteorological
factors appear to have affected stomatal changes in maple, whc-reas,
the soil conditions had no effect.

5. Low soil moisture and high carbon dioxide (or low 0?) appear to have
cr.used an increase' in transpirational resistance ana a decrease in
growth of sugar maple on the landfill plot. This study presented
evidence that changes in either one of these three factors alone while



the other Is held constant resulted in significant changes (P<.Op) in
transpiration and growth of sugar rnaplet,.

6. Regression analysis showed that soil nitrate, soil1oxygen and soil
temperature are the most important factors in determining basswood
growth. However, this study has precent-jd evidence that soil oxygen
concentration and temperature may have influenced the soil nitrate
concentration and hence, tree growth.

EFFECTS OF SOIL ENVIRONMENT ON LEAF TISSUE NUTRIENT CONCENTRATIONS

1. American bassvood leaf tissue nitrogen, potassium and manganese concen-
trations verr significantly lover anu magnesium and iron significantly
higher in thj area of highest carton 'Uoxide and lowest oxygen concen-
trations (clay/vents trench) than in. al 1 other areas.

2. Inhibition 01" tree growth by low ox; gen and/ or high cai -)On dioxide may
have resulted in the. inability of American basswood to accumulate
manganese, thus the higher soil mangt'-nese, content in areas of poor
growth. However, reduction of manganese oxides due to low oxygen (U
may also have contributed to the high manganese content in the clay/
vents trench.

3. Levels of soil oxygen 'at 30 cm, bû -k density and the highest temperature
during -;he growing season were significantly (positively) correlated
with leaf uptake of nitrogen, pocassium, magnesium, calcium, manganese,
copper zind iron.

U. Efficiency of nitrogen, potassium, magnesium, calcium, iron and copper
accumulation by American bassvood was considerably reduced (P<.01) for
Lrees growing i;4 the clay/ vents trench where the average soil carbon
dioxide concentration was 22.8$ and soil oxygen U.3$ compared to all
other areas on the landfill and control plots where carbon dioxide
averaged 7.0$ or lower and oxygen was 16.3% or higher.

GROWTH OF BALLED AND 8URLAPPED VS BARE-ROOTED STOCK

1. Balled and burlapped sugar maples adapted better than bare-rooted maples
to the soil conditions in the landfill plot.

ROOT ADAPTATIONS IK LANDFILL SOIL

1. Root systems of the more tolerant species (Japanese black pine, Norway
spruce) were much shallower than those of the intolerant species on the
landfill and control plots.

2. The root adaptation mechanism of hybrid yoplar associated with landfill
tolerance appeared to be different from that of green ash. Deep poplar



roots (30 cm) grew toward the coil surface and proliferated there,
whereas, ash roots at the same depth did not extend to the coil surface.
Instead, a shallow root syrtem was provided for by roots sprouting from
the root collar, 2 cm below the soil surface. The roots proliferated at
this depth resulting in a shallow root system.

3. Wind-toppled trees may become more common on landfill cites due to the
lack of deep anchor roots. A deeper soil cover may promote ?. deeper
root system and therefore, help prevent wind toppling.

k. The need for frequent irrigation on landfills becomes apparent since
five of the six tree species were shown to produce a shallower root
system on the landfill than on the control.

5. Multiple regression analysis rhowed that soil carbon dioxide and oxygen
+ogether accounted for 8k$ of the variability in total root length of
American basswocd.

6. tlevdted levels of landfill soil carbon dioxide and methane in conjunc-
tion with low oxygen concentrations appear to be pcjtial1y responsible
for causing a decrease in total root length of American bassvood and a
reduction in the depth o^ maximum root penetracion indict--ing a greater
need for irrigation (at least l"/wk ) on completed landfills than
non-landfill areas ?.n order to maintain good tree growth.

7. At high lanrifill gas concentrations 30 cm below the soil surface (22.8$
CC>2, 12.0$ CK1+, .̂3$ 02), American bassvood roots did not .-narntain good
growth; however, at moderate concentrations 8.1$ 002, 0.9$ ~Hlt> 18.5$
02), the roots had the ability to grow toward the soil surface and avoid
the contaminated soil environment at the 30 cm depth. Therefore, bass-
wood roots appear to tolerate moderate landfill gas contamination not so
much by growing in the contaminated soil, but by avoiding the gase-;
through the production of a shallow root system.



SECTION 3

RECOMMENDATIONS

SPECIES SELECTION

1. Since woody species differ in thoir adaptability to landfill soil, those
charged with planting vegetation on completed lancifillc should avail
themselves of current research on the adaptability of species to land-
fill conditions and avoid the use of ncutolerant species.

2. Slow-growing trees appear to be oetter adapted to landfill conditions
than rapid-grcving trees.

3. Trees and shrub a planted as anall specimens appear to be better adapted
to landfill conditions tl.cm large specimens.

U. Species with a natural propensity for producing a shallow root are
better suited for landfill vegetation projects than naturally deeper-
rooted species.

5. Species reportedly tolerant to low oxygen environments will not gro^
well on landfills unless thoy are irrigated very thoroughly.

6. Balled and burlapped plant material appears to be better adapted than
bare-rooted material to landfill soil.

PREVENTING GAS MIGRATION INTO ROOT ZONES

1. Landfill gases (primarily carbon dioxide and methane) • must be kept away
from the root system of trees and shrubs to promote good vegetation
growth. Two methods proven effective are: a) a mound of soil (O.9 m)
over existing cover and b) a lined and vented trench backfilled with
suitable soil.

CRITICAL SOIL AMENDMENTS

1. Soil cover should be at least 0.6 m thick in order to promote good
vegetation growth.

2. Landfill cover soil must be irrigated more frequently than non- landfill
soil to promote sood vegetation growth.



Sioi"1. nutrient and pH levels should be periodically checked tc insure
against dangerously high or low levels.

I:i order.to prevent the cover soil from becoming highly compacted diu-r.;;
the- closing of the landfill, organic matter such as composted sewage
sludge, leaves'or peat rnom night he mixed with the cover inaterifj. orfore
it is si-read over the refine.

:-: IHVKGTIGATIOIJS

This study presented evidence that carbon dioxide, methane and oxygen
concentrations and moisture content in the landfill soil affect stomatal
resistance of sugar maple. Further investigations should be conducted
into the effects cf carefully controlled levels of C02, '."Ĥ  and 02 and
soil moisture on stomatal resistance to determine the degree of effect
at various concentration".

Additional controlled greenhouse studies are needed to ascertain the
influence of soil gas levels on availability of soil nutrients and
subsequent effects on plant growth.

Puture screening studies should further test the, hypothesis that rapidly
growing treer are more sensitive to landfill soil pollution . than slow
growing trees.

Since rapidly growing trees draw more moisture from the soil and are
thereby subjected to desiccation more quickly than are slow growers,
the hypothesis that leaf antitranspirants slow the loss of moisture
from the leaves and thereby enhance their landfill adaptability should
be tested.

Further investigations of the effects of soil pH levels on species
tolerance .T.ay be beneficial to our understanding of landfill vegetation
growth.

Root investigations should be designed to determine if. the adaptive
capacity to produce a shallow root system in soil containing high
concentrations of CO ar.d CHi differs among species.

Bare-rooted sugar maples appeared less suited than balled and burlapped
maples for landfill plantings. Additional experiments should include a
variety of species in order to determine if this relationship is univer-
sal or whether it is on\y characteristic of sû or rviple.

8. Further in-aepth pcudi'-- of vegetation growth on former sanitary refuse
landfills should include quantitative or qualitative investigations
involving a number of other potentially toxic gaseous by-products of
refuse decomposition such as ethylene, nydrocen sulfide and nitrous
oxides.

), Further experiments designed to test a variety of landfill gas-barrier



techniques should include replication of systems.

10. Additional shallow r^ctcd ^p^cv.s should be tested for their landfill
tolerance.

1.1. FXiture inveslications of plant growth on ,a:vl adjacent to lur.ifill sites
choulu study tn.j <.•!':'• cts of long-term, low Icvvl t"^ cont.-i:.:ir.ation of
tho root zone on thr incidence of plant dicra.-e and in:;cct dartre.

12. Procedures Ghouid b- developed for -preading cover soil iA a nanr.-jr
which docs not cauce high coil corr.pactlon.

13. Large and email specimens of many species should be planted on several
different Zandfillc in order to verify the rpccmn.cndc.tlon for planting
small trees on land-fills.

lU. Cpecies screening experiment::, should include at least 20 replicates of
each specie in each treatment.

15. The minimum soil depth required for gr-.-.ss and tree g.owth over landfills
entirely covered with plastic shejt:ng should be determined. This
information may bo applied to refuse and. hazardous wastt.- landfill site.".

16. Leachate ma;/ be used for irrigation water i:i order to cut plant main-
tenance costT. However, leachates will vary with time ar.d site a:;d
should be checked i'or undesirable characteristics.



SECTION h.

LITERATURE REVIEW

Many attempts to vegetate completed -unitary refuse landfills with tree:
and shrubs have been unsuccessful (Mower it al. 197c). The probleiru encoun-
tered during these projects have ".'fen identified .(?lower ct ul. 197c).
Giir.rn et al. (1980' have rcuorted that tr°~ and shrub speciec 'vary in tol-
erance t,& cormonly occurring concentr .tior.s of landfill gasus in the soil.
Other detailed reports describing vegetation growth on lam.1 fills were not
found in tl.e literature.

EFFECT OF 30IL MOISTURE ON ?L\TIT GROWTH

An important aspect of maintaining recently planted trees, shrubG and
crcos is assuring adequate ooil moisture content in the root zone during the
growing season. Rates of :iul photosynthesis decrease when plaits are sub-
jected to water stress (Troughton 1969). ?irect effects of desiccation on
the t>hotOG;.T.taetic sys'.em (Troughton 1>"69̂  have been reported to cause shoot
growth reductions in r>lim trees, leaf grovth reduction in apple trees, fruit
grov"; reduction in pear, and general growth reductions in r.any other fruit
tree-, and field crops.

r'resh weight, dry weight and total root length of corn seedlings weie
reduced when either r.oil moisture or soil oxygen 'jontent was low (Gingrich
and Ruusf.U 19i>7'(. Oxygen ajid moisture content interacted so that at high
oxygen contents, growth was tiuch reduced by low soil moisture; whereas at low
oxygen contents, the growth dili'erence between high and low soil noistuxe was
insignificant (Gingrich and Russell 1957).

EFFECT Or tNMRONMENTAL FACTORS On LEAF TPAHSFIRATION

Transpirational water loss is influenced by many plant factors such as
leaf area, leaf aiiatony, root:shoot ratio, stonatal frequency and control of
stoiL-tal aperature (Kramer 1933 . Meteorological and soil parameters also
have a marked effect on the stonatal changes in leaves. Meteorological and
soil paivv.cters on landfill areas are likely to be different than on non-land
lar.Jfi.LL areas.

Transpiration measurements differ from leaf to leaf within a given tree.
The temperature of sunlit leaves nay be 10-15°C above air temperature and of
shaded leaves, 1-2°C above air temperature. On days following substantial
rainfall, stomata on sunlit leaves remain openj hovever, several days later,
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stOTnatal rvsictance for sunlit leaves is often higher than that cf shaded
leaves (Butler 1977).

r'xperirnent:; conducted, with four oak species and sugar maple showed that
when air temperature was increased from 20-35°C. stomata opened and tranpira-
tion increased (Ŵ .euscher and Kozlovrki 1971). In cocklebur (Xanthium penn-
sylvanicumN photosynthetic removal of carton dioxide at increased light inten-
sities va" responsible for the openir.g of stomata (Mansfield and Heath 19ol>.
Increasing the temperature during the night caused the stomata to open to a
point comparable in magnitude to that in light of moderate intensity
(Mansfield 1965). Meidner and Heath (1959) described two opposing effects of
increasing air teT.; era. tups on onion (Allium cepa) stomata: a closing effect
vhich was shown to be due to accumulation of carbon dioxide in the leaf tis-
sue and an opening effect when such accumulation was prevented.

A comparison was made by Davies and Kozlowski (197̂ ) between stornatal
opening and clDsing in response to changes in humidity. Seedlings of white
ash and sugar rraple were subjected to relative humidity changes from 20-80
percent at two light intensities (6,50O lux and 32,OOO lux). Increases in
humidity caused stoir.atal opening; decreases caused stomatal closure, as is
normal for most plants. However, stomata were less affected by hur.iditj
changes at high than at low light intensities. These same, phenomena have
been reported for other species (Leyer and Stocker 19cS). Experiments by
Schulze et al. (1972) with three plant species differing completely in their
ecological demands yielded basically the same results i.e. increased humidity
or»ens stonata .and lowering humidity closes stcmata. Interactions between
humidity and temperatxire effects on leaf resistance may partially explain
conflicts in the literature concerning temperature effects on stomata as
suggested by Schulze et al. (1972). One study indicates that stomata of
orange may close whf.-n temperature is Increased while relative humidity de-
creases; but tr.at increasing temperature between 20-Uo°C may cause stomata cf
orange to open slightly, provided humidity remains constant (Hall et al.
1975). There has been no published literature on the effects of soil temper-
ature on stomatal opening changes, and ultimately on growth for plants grow-
ing on land!ill soils.

Soil moisture content was also found to interact with humidity in regard
to stomatal resistance. Unirrigated Hammada scoparia plants were found to
respond more quickly and to a greater degree to changes in air humidity than
were irrigated plots (Schulze et al. 1972). In bean plants, stomatal conduc-
tance decreased with decreased air humidity; however, th~j reduction was
greater at higher soil moisture contents (Moldau and-Syber 1976).

Davies et al. (1969̂  report that increasing wind speed over a leaf
surface causes variable responses in different plants. Transpiration over,
a 2U-hour period was increased by wind in ash, decreased in maple, and un-
affected in pine. These differences were reflected in stomatal control i.e.
whereas maple stomata closed rapidly when exposed to wind, those of ash did
not.
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EFFECTS CF SOIL COIICITIOHS ON NUTRIENT UPTAKE

Levels of soil nutrients available to plant roots may be affected by the
soil atmosphere in sanitary landfill soil (Gilnan 19?CX. Previous studies
suggest that changes taking placo in flooded soil generally parallel changes
in lcjidi'i.11 soil (Flower et al. 1973).. Several soil elements e.g. manganese,
iron, and sulfur become more available in flooded soil due to low oxygen
levels (Ponnanperuna 196V;. Higher available levels of these elements in the
soil are often accompanied by their increased uptake by plant root^.

It has been shown since the early 1900's that plants grown in solution
culture require both air and minerals in order to achieve adequate growth
(F.rickson 19U6\ There is a good deal of variability anong plants in toler-
ance to low oxygen or high carbon dioxide concentrations ana nigh soil tem-
peratures in the root zone (Flnver et al. 1978).

Soil compaction can also dramatically affect the response of plants to
the soil environment by decreasing total pore space and by reducing the size
of the pores. V.-.-ihrneyer and Hendrickson (19U6a) found that the roots of
sur.flowers in the laboratory and grape vines in the field botl. penetrated a
loijn soil to the depth at which the bulk density reached 1.8 g/cnr5, but would
not penetrate any further where bulk density was higher. In a later paper,
Veihmeyer and Herdrickson (19U6b) reported that roots would not penetrate a
loamy soil with bulk density above 1.9'g/cm3, whereas 1.6 to 1.7 g/cnH was
the limiting value in clay soil. They attributed the failure of roots to
penetrate soil with a bulk density above the critical (limiting'! value to the
size of the pores and not to the lack of oxygen, pointing out that roots can
penetrate water-saturated noncompacted soils. In a compacted soil, .roots of
sugar cane were restri*. -ed to the top few inches; whereas in well structured
soil, roots penc-rated throughout the tilled horizon (Trouse and Hanber 19t»l).
A bulk density of 1.12 g/cm3 slightly reduced root .penetration in sugar cane,
a value of 1.36 g/cm^ reduced root growth and caused rootlet distortions, and
a value of I.'i6 g/en seriously reduced root penetration. Sugar cane roots
completely avoided growing into soils whose bulk densities exceeded about
1.52 g/cm3 (Trouse and Hamber 1961). Parker and Jenny (19̂ 5) found that
water infiltration of soil decreased as bulk densities increased, resulting
in erosion and soil with a lower moisture content than that of a less compact
soil.

The accum.Jaoion by plants of a number of nutrients is reportedly af-
fected by poor soil aeration. Several Authors have shown that potassium is
the first mineral to decrease in leaf tissue under poor aeration (Broadbent
and Stojejiovic 1952; Hoagland and Broyer 1935> Lety et al. 1966). A sup-
pressed so.i.l oxygen supply to the roots of avacodo significantly decreased
the leaf concentration of H, P, K, Ca, Mg and B (Latv -viskas et al. 1968).
Leyshor. and Sheard (197'') found that low oxygen levels decrease N, P. and K
concentrations by 51, 6l and 58% respectively,, and may account for reduced
barley growth. Shoulders and Ralston (1975) reported that low oxygen levels
attenuated the uptake of P, K, Ca and Mg in slash pine, but increased NC-3
uptake. In these studies high soil levels of methane, nitrogen, and carbon
dioxide reduced phosphorus uptake to a greater extent than that of nitrogen
and potassium. Phosphorus uptake «ras significantly reduced in leaves but
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increased in roots, suggesting an immobilization mechanism in roots. Since
high soil carbon dioxide, nitrogen, and methane affected phosphorus uptake
simjlprly in contrast to air, a lack of oxygen was suspected as the causal
mechanism - not gaseous toxicity (Meiklejohn 195U; Niranjan and Mikleisen
1977).

Hammond et al. (1955) observed an interaction between oxygen and carbon
dioxide when 5$ carbon dioxide combined with 1$ oxygen applied to.corn roots
resulted in the same potassium deficiency as treatment with 20$. Carbon dioxide
and 2O]o oxygen. They concluded that soils associated with plants exhibiting
potassium deficiencies, even though adequately supplied with potassium, often
consist of heavy silt to silt-clay, have poor structure, arc compacted by
weather or are high in calcium.

Low soil oxygen alone or in conjunction with flooded soil has been
associated with an increase in trace element contents (e.g. iron and sodium)
in avacodo seedlings (Labanauskac'et al. 1968). Increased soluble levels of
iron in some reduced soils have been reported, to result in iron toxicity to
crops (Hcweler 1973; Ponnamper-una 1955^. The adverse effects on plajrts of
high levels of available iron in reduced soils may result from direct toxic-
ity; hTwever, several r ports in recent years suggest that the muchanisni of
iron toxicity may involve indirect effects of excess iron. Howeler (1973)
postulated that excess soluble iron in flooded oxisols in Columbia may coat
roots with an iron oxide barrier layer, thereby reducing nutrient transport
from the soil into the plant. As a result, rice plants were assumed to be
deficient in phosphorus, potassium, calcium, and magnesium ?.s a result of
iron accumulation in the root zone. Jones (1975) also suggested that reduced
phosphorus uptake by some dune slack grass species may be attributed tc phos-
phoruc immobilization at the root surface due to tht high level of iron
associated with roots i n waterlogged soils. . . .

Waterlogged soils and sediments high in organic carbon, content may
become strongly reduced, resulting in sulfate reduction and sulfide accumula-
tion. The detrimental effect of hydrogen sulfide on root function and plant
growth is well estp.blished in the literature (Hollis 1967; Ponnamperuma 1955;
Vamos 1958). Several studies on the mechanisms of toxicity have indicated
that the presence- of hydrogen sulfide may also limit nutrient uptake (Hollis
et al. 1975; Joshi et al. 1975.1. Ford (1965) Mitsui and Kumayawa (196U)
suggested that the mechanism involved is an adverse effect of hydrogen suJ.-
fide on enzymatic reactions.

Few investigators have studied the effect of soil temperature on nutri-
ent accumulation. Rattan (197*0 reported a decrease in uptake by corn of
nitrogen, potassium and zinc and in translocation of nitrogen at high soil
temperatures. The requirement for calcium in wheat was found to increase
with an increase in soil temperature from 20°C to 30°C (Burstrom 1956).
Neilson (1971) also observed a greater plant response to the addition of
calcium at higher soil temperatures (25-30°C) than at lower temperatures (15-
20°C). Tissue content uf K, P, K, Ca and Mg in corn, bromegrass and potato
increased with increasing temperatures from 5°C to 19.5°C, above which total
tissue nutrient content leveled off or decreased. During this investigation
(Neilson 1971), high nutrient uptake at temperatures favorable for plant
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growth was greatly dependent on the amount of nutrients added to the soil
medium. For example, total uptake of phosphorus by corn at 27°C without
added phosphorus fertilizer was only 10^ of that accumulated at this tempera-
ture with an N, P, K fertilizer treatment. A favorable temperature did not
compensate greatly for lack of nutrients, nor did addition of nutrients off-
set the effect of unfavorable temperature.

EFFECTS OF SOIL CONDITIONS ON. ROOT GROWTH

Information is available on the restriction of root growth by low soil
oxygen supply (Leonard and Pinkard 1̂ 1+6), high carbon dioxide supply (Geisler
1963; Chang and Looms 19̂ 5), mechanical impedance due to high soil compac-
tion (Hopkins and Patrick 19o9) and interactions among these parameters
(Hopkins and Patrick 1969). These conditions often occur in landfill soil
environments; however, studies describing root distribution in such areas
are wanting. The studies presented herein characterize root systems growing
in a sanitary landfill soil environment.

Most of the available information on the extent and concentration of
forest tree root systems has been obtained by excavation and mapping exposed
roots of seedlings or mature trees (Dean 195'5; Pavlychenko 1937)) and most of
this work has been largely confined to specie" of pine, with relatively
little attention to broadleaved deciduous tre :.. Such studies have largely
dealt with three categories of root behavior: depth of. penetration, tendency
to concentrate, and lateral spread.

Lailtakari (1929) observed Scotch pine to be more shallowrooted on sandy
soils than on loamy scils. Kaleda (19̂ 9) found that in individuals of this
species growing in sandy soils, about 87% of the horizontal root system was
located in the upper 8 inches. However, some secondary roots that originated
from the taproot deep in the soil rose syste-.uatically to the surface
(Lailtakari 1929). A similar situation was reported for bur oak by Weaver
and Kramer (1933). The horizontal root distribution of white pine (Lutz el
al. 1937) was found to be different in various soil horizons but the greatest
development was always found in the upper (A horizon) soil layers.

One of the most intensively studies conifers in the United States with
respect to root development is longleaf pine. Hodgkins (1977) reported that
lateral root length and spread of this species increased with improved com-
petitive position of the tree and with age up to maturity. Heyvard (1933)
observed that lateral roots of longleaf pine grew at a uniform depth through-
out their length. Holch (1931) explained the pattern of heavy taproot plus
prominent, long laterals radiating at shallow depths free the taproot, de-
scribed by (Lenhart (193̂ ) and Wahlenburg (191+6), as a-characteristic of
species adapted to drier sites.

Holch (1931) reported that the spread of roots of five species of
deciduous trees greatly exceeded'the height and spread of the tops. Kramer
and Weaver (1933) observed that most of the major laterals of bur oak origi-
nated in the upper 2 feet of soil. The results of a study investigating
morphological root characteristics of nine selected northeastern hardwoods



(Stout 1956) revealed that the mean depth of the laterals was betwaen 10 and
18 inches for four of the species while that of the other five species aver-
aged less than 10 inches.

Whilt investigating oak growth in the Arizona chaparral, Davis and Pace
(1977) found live roots down to a depth of 21 feet.

Results of the above investigations show that many tree species develop
relatively shallow root systems, although additional taproots extending down
several feet are often found origina.ting from laterals.

Studies on the tolerance of plants to waterlogging, many of which have
been reviewed by Grable (1966), Gill'(1970) and Howe and Beardsell (1973',
ho.ve been concerned with responses of root and shoot to lack of oxygen and to
injurious chemical substances produced in the soil and in plant tissues, as
well as with mechanisms of tolerance in certain species.

Periodic or permanent waterlogging is an important characteristic of
many forest .sites where Fitka spruce (Picea sitchensis) and lodgepole pine
(Pinus contorta) are tht species most frequently grovm. On such sites, soil
oxygen can decrease abruptly a short distance below the'surface (Armstrong
et al. 1976) and conrequent injury to the root system results in shallow-
rooted unstable crops. Field studies on Sitka spruce (Lees 1972) and lodge-
pole pine (Baggie 197£) growing on pe'at soils shew that root development of
both species is affected by waterlogging. Actively growing greenhouse-rooted
lodgepole pine cuttings were more tolerant to waterlogging than spruce, when
assessed in terms of the survival of both the tip and basal region of the
root. By contrast, dormant roots of both species were so tolerant to water-
logging (28 days) that ths tips remained alive and rapid regrowth took place
after the soil was drained (Coutts and Philipson 1978).

During further investigations Coutts and Philipson (1978a) found that
lodgepole pine roots penetrated to depths of 20 cm at 10°C in soil devoid of
oxygen, whereas Sitka spruce made only shallow growth into the watertable.
The results suggested that the deeper penetration of waterlogged soil by
lodgepole pine than by spruce is due to internal oxygen transport in ~he pine
roots. Philipson and Coutts (I978b) later showed that the pine had a greater
capacity for oxygen transport to the flood-intolerant spruce.

Studies concerning the morphologic adaptations necessary for plants to
withstand periods of anaerobiosis cite two types of modifications: i.e.
increased branching of roots and Lhe formation of adventitious roots.
Geisler (1965) found that a reduction in the oxygen supply .lead to a higher
number of lateral roots per unit of root length and an enhancement in the
density of the root system. As a consequence of increased root numbers, the
.°j:ea for active ion absorption located close to the root tips is increased
(Biouwer 1965).

Kramer (1951) postulated that the formation of shallow adventitious
roots is an important modification for plants to survive oxygen depletion.
The adventitious roots of some species contain more air space than the
primary root systems, allowing oxygen tc diffuse more freely down to the
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primary root system (Luxmocre Î 6()}.

Alberda (1953) observed that in rice, a mat of fine dense roots was
formed at the surface of the water at the end of the tillering period. He
suggested, and Voloras and Letey (î o6) later demonstrated, that adventitious
roots foimed during aerobic conditions did not transport oxygen to the
primary root:, as effectively as did adventitious roots developed during
anaerobiosis. Several deciduous tree soecies planted on mine spoil soil
formed flat root systems, with "irtually all root development in the surface
and near surface layers (Zdzislaw and Gre.^zta 1969). The authors imply that
chemical properties of the soil can account for the development of shallow
roots.

'Research efforts aimed at establishing vegetation on completed sanitary
landfills, let alone charactevization of root systems growing in such envi-
ronments, are limited. A study evaluating species adaptability to a landfill
in California (19?M reports that root systems of the trees are shallow aid
lacking in strength. Reinhardt (1973) writes in the final report describing
a refuse-milling project in Madison, Wisconsin, that when root systems are
limited in extent and functi.on by dnficient moisture, deficient oxygen or
high soil striaigth; fertilizers are apparently not utilized by the trees in
sufficient quzintities to cause measurable growth changes. Since neither of
the above stuc.ies contain quantitative data, interpretation of these state-
ments is difficult.

In summarizing the results of an evaluation of 19 snecies to landfill
environments, Oilman (1978} observed that woody plants growing in a.landfill
soil develop a greater proportion of their root system in the top 13 cm
than the same species growing on a nearby non-landfill area. The need for a
more thorough root distribution characterization in trees growing in landfill
soil is clearly apparent in that the ability of a species to tolerate the
landfill environment appears to be partially related to its ability to
establish a shallow fibrous root system.
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SECTION 5

METHODS AND MATERIALS

TREE PLANTING

Specie a Screening Experiment

During the spring of 1976, 10 replicates of 19 .woody .species were plant-
ed on both the completed lU-year old Edgeboro sanitary refuse landfill lo-
cated in East Brunswick, New Jersey and on a nearby non-reAise control area
(Table 1). The species were evaluated durir.g the 1976 and 1977 growing
seasons for their ability to tolerate soil conditions present in the landfill
soil (Oilman 1978). Data presented in this report were collected from the
trees during 1978 and 1979 an<i compiled with portions of data collected
durir.g 1976 and 1977.

Gas-Barrier Technique:;

During the spring of 1976, American basswocl (Tilia a.r.ericana) ana
Japanese Yew (Taxus cuspidaaa) were planted in replicates of six in eacn of
seven gas-barrier areas: three trenches and two mourds on tne landfill plot
and one trench and one mound on the control plot (Oilman 1978;-Leone et al.
1979). Following the removal of the basswoods and yew in the trench areas in
the spring of 1978, two-year old black gum (Nyssa sylvatica), honey locust
(Gleditsia trlacanthos) and pin oak (Qaercus palustris) seedlings were plant-
ed in replicates of six in the three landfill trenches and control trench and
in the landfill and control unmodified areas.

TABLE 1. SPECIES SELECTED FOR VEGETATION GROWTH EXPERIMENT AT
EDGEBORO LANDFILL

Latin name Common name

Acer rubrum
Euonymus alatus
Fraxinus lanceolata
Ginkgo
Gleditsia triancanthos
Liquidambar styraciflua
Myrica pensylvanica
Nyssa sylvatica

Red maple
Euonymus
Green ash
Ginkgo
Honey locust
Sweet gum
Bayberry
Black gum

(continued)
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TABLE 1. (continued)

Latin name Common1 name

Picea excelsa
Populus spp.
Fopulus spp.

Plantanus occidentalis
Finus strobus
Pinus thunbergi
Ouercus palustris
Rhododendron hyb.
Salix babylonica
Tilia americana
Taxus cuspidata var. capitata

'Roseum Elegans'

Norway spruce
Hybrid poplar (saplings)
Hybrid poplar (from rooted

cuttings)
American sycamore
White pine
Black pine
Pin oak
Rhododendron
Weeping willow
American basswood
Japanese y°w

Irrigation Effects on-Tree Growth

To investigate the eflects of irrigation on survivability of trees in
landfills, thirty 2-year old sugar maple (Acer saccharum) seedlings spaced
1 m (39i&«) apart were planted in the spring of 1978 in two separate areas
on both the landfill and control plots. One group of 30 trees on each plot
was periodically irrigated during the l'-ic and 1979 groving seasons according
to the scS.edule presented in the irrigation section of this report. The
other area vas not irrigated and is referred to as the non-irrigated area
in this report.

Effect of Size of Planting Stock on Species Tolerance to Landfills

To determine if the size of planting stock influences the ability of
trees to survive in a landfill environment i'ivt 6 7 year-old, 2.5 m (98-in.
tall) sugar maple saplings; ten 2-year-old 0.5 m (20-in. tall) sugar maple
seedlings and ten 2-year-old green ash (Fraxinus lanceolata) 0.5 m (20-in.
tall); were planted in the spring of 1978 on the landfill and control screen-
ing areas. Growth of the larger sized green ash planted in 1976 was compared
with growth of the smaller ash trees to assess the effect of planting size on
landfill survivability and growth.

Type of Planting Stock in Relation to Landfill Tolerance

In order to determine which type of planting stock is best suited for
completed landfills five balled-and-burlapped (B&B) 2-3 m (79-118 in. tall),
and five bare-rooted ?-3 m (79-118 in. tall) sugar maples were planted on the
landfill and control screening areas in the spring of 1978.

CULTURAL METHODS

Fertilizing

In October 1977 and 1979, soil nutrient analyses fG." both plots indicat-
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ed low nitrogen, phosphorus and potassium levels. In order to raise these
levels to ah adequate range, on April.21-2U, 1978 and April ?5-26, 1979,
1.13 Kg (2.5 Ibs) of 10-6-1+ granular fertilizer were spread around each tree
on ail-1 plots with a standard granular fertilizer spreader.

In order to raise the pH from approximately 5.0 to between 6.0 and 6.5,
0.57 Kg (1.25 Ibs) of pulverized dolomitic limestone were applied to the soil
around each tree on both plots by means of a walk-bohind spreader on April 29?
1978. Since the pH uid not rise to the desired level, application rates were
recalculated and 1.8 Kg of additional limestone were applied on April 30,
1979. The pH was brought to the 6. 2 'level.

Irrigation

The rainfall in New Brunswick in the early spring of 1978 was sufficient
to maintain the soil at a moisture level adequate for tree growth; but by the
middle of May, the soil moisture had reached a level low enough to warrant
irrigation. Soil moisture was tested by squeeze method. When water dripped
from the soil when1 squeezed, it was classified as wet; when no water came out
but the soil stayed together in a clump, the soil was moist; when the coll
crumbled after squeezing, the Foil was considered dry and the soil was
irrigated. Approximately 3y L (10 gallons) of water were applied to all
trees with a center-pivot irrigator during each .irrigation period. Trees
were irrigated four times during 197fa.

Rainfall during the 1979 growing £ .as on was sufficient to warrant irri-
gation only twice during the -summer. Approximately 39 L (10 gallons) o.V
water were applied to each tree during irrigation periods.

During the investigation of the effects of irrigation on sugar
growth, one group of 30 plants was irrigated in the landfill and control
plots during the summer (1978 and 1979) so that the amount of water from
rainfall and irrigation totaled approximately 2.5 cm (1 in.) per week.
Plants were not irrigated if more than 2.5 cm (l in.) of rain had fallen
during a given week. Another group of 30 maples on each plot was not irri-
gated.

Pest Control

Cn May 7> 1978, pin oak, American basswood, weeping willow and hybrid
poplar were sprayed with liquid Sevin for the control of tent caterpillars
and canker worms which were present on some trees. A second spray was
applied on May 23, 1978 for the same insect pests.

Red-headed pine saw flies were found on several Japanese black pine
trees on the landfill plot during the week of August 7, 1978. The black
pines on both plots were sprayed with Mslathion on August 10 to control this
pest.
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Rodent Control

In order to protect the bark and carr.bium of young seedlings from rabbit
damage, 0.5 m (20 in.) high chicken wire was placed around areas which con-
tained seedlings susceptible to rabbit injury.

Weed Control

During the 1978 growing season, grass and weed:; were periodically ;ut
with a power mower and weeds were pulled froir. the area immediately ;urrou.-.d-
ing each tree trunk.

Weed growth in 1979 wis chemically controlled. In April, three-eighths
(3/'3) cup of Roundup and one-half (-i) cup of Princep were diluted with water
to make three gallons of solution. This mixture was applied to the scil
until the ground was thoroughly wet. This procedure wa:; repeated in June.

SAMPLING METHODS

Soil Measurements

Soil gas content, temperature, bvJJt density, moisture content and nutri-
ent concentrations were measured throughout the 1978 and 1979 growing seasons
as described by Oilman (1978).

Tree Measurements

Shoot length and stem area (Table 2) are measured on each tree in tho
fall of 1978 and 1979 and root biomass was measured on each tree during tho
1977 growing season. Tuese procedures were presented in an earlier report,
Giliran (1978) and Leone et al, (1979).

TABLE 2. DISTANCE FROM THE SOIL SURFACE AT WHICH STEM INCREMENT
WAS MEASURED

Species

Letin name Conmon name

Distance-
from soil

(cm)

Acer
Eucnymus alatus
Fraxinus lanceolata
Ginkgo biloba
Gleditsia triacanthos
Liquidambar styraciflua
Myrica pennsylvanica

. Nyssa sylvatica
PoplUS Sj).

Poplus sp. m

Red maple 30
Winged-euonymus 5
Green ash 30
Ginkgo 30
Honey locust 30
Sweet gum 8
Bayberry 3
Black, gum 8
Hybrid poplar (sapling?) 30
Hybrid poplar (rooted cuttings) 5

(continued)
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rABLE 2. (continued)

Species Distance
from soil

. Latin name Common name (cm)

Picca glauca Norway spruce 3
Platonus occidentalis American sycamore 30
Pinus strobus White pine 5
PimiG thunborgi • ' Japanese black pine 5 : '
Quorcus palustris Pin oak 30
Rhododendron clegans Rhododendron 3
Salix babylor.ica WcepTng willow 30
Tllia americar.a American bacswood 30
TaxviG cusjidatn. cnpitata Japanese yew 3

Leaf Weight —
In order to measure the amount of leaf biomass produced by each Amer-

ican bascwood on the seven gas-barrier areas and the landfill and control
screening a.'eis, four shoots were selected at random from each plant, one in
each of the cardinal compass points (N, S, E, and W). From each of these
four shoots, .il 1 the leaves were collected from last year's bud scale scar to
thin year's terminal bud and placed in four separate bags. The leaves were
dried for approximately twenty-four hours at 65 °C and weighed.

In order to measure average leaf weight of the sugar maples in the irri-
gation experiment, two 'leaves, i.e. about ICP/o of the total number, W3re ran-
domly chosen from each tree. Leaves were dried for approximately 2k hours at
65 °C in a forced air drying oven and weighed to the nearest milligram. Total
leaf biomass produced . / each tree was calculated by multiplying average leaf
weight by th •; avarage number of nodes/ shoot.

Tissue Nutrient Content —
On August 7, 1977, American bassvood leaf tissue samples for elemental

analysis we're collected in the following manner: five shoots were randomly
selected . from each tree in each gas-barrier technique and landfill and
control screening areas. Four leaves were collected from each shoot for a
total of 20 leaves/tree. The leaves were dried for 2k hours at Uo°C in a
forced air drying oven, and ground through a kd mesh screen. Chemical anal-
ysis of this tissue was determined according to methods presented in the
Chemical Analysis portion of this report.

Transpiration Rate —
The physiplogical condition of the sugar Jiaple seedlings planted for the

irrigation experiments was monitored by measuring the ra'-.e of transpiration
from a given area of leaf surface with a Lambda Instruments Diffusion
Resistance Meter. Transpiration studies were designed for two purposes: the
first was. to investigate the transpirational strategy of svgar maple seedlings
in the irrigated and non- irrigated areas on the landfill plDt throughout an
entire day and the second was to study the transpirational strategy over a
period of days on the landfill and control plots.

21

11



In the first experiment, fiv..- mapler, were randomly selected fron th-
irri.jited area where carbon dioxide averaged 2.Jt and methane ($; five from
llh: non-irrigated area which contained 2.8̂  carbon dioxide and no metharo;
and five frox another area in the non-irrigated area where carbu.: d\oxide1

content'Wao highest (7.<W) and methane was zero. Sugar maple war, selected
b-jcauje of its reported sensitivity to landfills and flooding condition';
(Lconc ct al. l'-)Y9). Diffusive resistance measurements were obtained from
two leavjs per tree starting at 8:30 a.m. and continuing at one hour inter-
vale through the day until (':20 p.r.,

I the second experiment, ten trees vere raiviomly selected from the
irrigatt'i and non-irrigated areas on both plots. Dii-'isive resistance was
measured â i.ly on two leaves por tree between 10 and 12 a.m. starting on
Au. ûst 3, and continuing through August 23, 197' .

Mcteorologic Measurements

Air temperature and hurr.idity data were obtained from the Rutgers
University Meteorology Departnt_nt for tach hour during the day corresponding
with the time of transpiration measurement. Wind speed and lignt intensity
measurements were unobtainable because the weather station was being relo- •
cated during August 1973. Total wind movement (in miles per day) msasure-
ments were obtained for each day between August 9 and August 23.

CKEMICAL ANALYSIS

nitrogen Content

Nitrogen content of Anerican. basswood leaf tissue was determined by the
Kjeldahl method (Pepkowitz 19U2).

Other Chemical Components

Leaf manganese, iron, potassium, magnesium, calcium, zinc and copper,
contents were determined by atomic absorption speotrophotometry.

ROOT EXCAVATION NETHODS

Two replicates of black pine, Norway spruce and honey locust saplings
and two replicates of hybrid poplar and green ash saplings and. seedlings
were selected for study at the end of the 1979 growing season frcm both
the landfill and control screening areas for a total of 28 trees. At the
end of the 1977 growing seacon, two American basswood (Tilia americana) trees
were selected for study fron each of three gas-barrier trenches on the exper-
imental landfill plot, one gas-barrier system on the control plot and from
the landfill and control unmodified areas totaling eight trees from the land-
fill plot and four from the control. The entire root system of each tree was
completely excavated by means of a small hand trowel from the point of emer-
gence at the main 'tump to the root tips. Each root greater than 1 mm in
diameter was followed to its end except in cases where it lay beneath an
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adjacent tree or had been broken.

After the individueJ. roots had been exposed, the distance from the soil
cur ace to the center oi' each root was rr/.asured at 30 ex; (12 in. ' intervals
fron the stump to and including the root tip.

STATISTICAL *»!/« LYSIS

Analysis of variance, analysis of ccvariancc, Student's "t" test,
nuitiple regression, factor analysis, Chi-square analysis and correlation
wore used to analyze the data in- tiiis report (Zar 197̂ ; Or-.'.per and ^mi
1>7, Harman 1977).
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SECTION

yiativc Viability of Plants

Twenty-three plants on the landfill p]cL and 19 on the control plot died
between the winter of 1977-1973 and the end of surjior 19C9 (Table 3). Most
cf those deaths were attributed to dry coil conditions. In addition, the
10 weeping willows on the control plot were cut down in the s-pring of 1̂ ?3
because all the willows on the landfill plot hud died from lack of rr.oisture
by the end of the 1977 growing season, ninety percent of the euonyrnur.
shrubs on both plots were destroyed by rabbits, therefore, the remaining
shrubs were removed from both plots during the fall of 1978. All the rhodo-
dendron shrubs on the landfill plot had succumbed to exposure, winter injury
or lack oj' moisture by the end of 1°77.. Enough replicates of sixteen of the
original 19 species remained -i.live during 1978 and 1979 to statistically
evaluate their ability to tolerate. ?.andfill soil conditions.

TABLE 3. NUMBER OF TREE DEAT"J IN SCREENING EXPERIf-ENT BETWEEN
NOVEI-3EP 1977 AND OCTOBER 1979

Species Landfill plot Control plot

Plack gum
Eayberry
Fin Oak
Japanese yew
Sveet gum
•̂Lonymus
Weeping willow
Japanese black pine
Hybrid poplar (saplings)
Ginkfc-o
Norway spruce
American basswood
Red maple
American sycamore
Hybrid poplar (rooted cuttings)
White pine

1
1
1
1

5 '
3
6
0
1
3
1
0
0
0
0

. 0

0
0
0
5
3
9
0
1
0
0
1
0
0
0.
0
0

(continued1!
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TABLE 3. (continue^

pecies Landfill plot Control plot

Honey locust
Green ash

0
0

0
0

Tota.1. 23 19

Relative Growth of. Surviving.Plants

During 197̂ > the majority of species grew better on the control plot
than on the landfill plot (Tables 4 and 5) (Figures 1 and 2). Blank pine was
the only species which produced both greater shoot length and =;tem area on
the landfill plot than on tha control plot. Bayberry and ginkgo produced the
same amount of shoot giowth but greater stem area on the landfill plot than
on the control plot. Norway spruce; wnite pine and blac< gum had better stem
growth, but less shocc growth en the experimental landfill pJ ot compared to
the, control. American basswooa had slightly less stej.i grovxh and slightly
greater shoot length on the landfill than the control. In hybrid poplar
(rooted cuttings) stem growth was similr.r on the landfill and control plots,
•whereas, shoct length was greater on the control. Red maple had equal shoot
growth on both plots but significantly poorer stem growth on the landfill
compared to the control plot. In Japanese yew, American sycamore, pin oak,
hybrid poplar, sweet gum, honey locust and green ash both shoot and stein
growth were lower on the landfill than on the control plot.

TABLE 4. AVERAGE SHOOT LENGTH FOR 16 3PECIES ON LANTI'ILL AND CONTROL
?! OT3 FOR 1978 GROWING SEASON •

Species

Black pine
American basswood
Ginkgo
Bayberry
Red Maple
Japanese yew
American sycamore
Hybrid poplar
(rooted cuttings)

Black gum
White pine
Pin oak
Norway spruce
Hybrid poplar.
(saplings)

Shoot length
(cm)

Landfill Control

24.3
9-1
.3

13.7
28.1
13.2
25.4
95.7

14.0
11.6
22.7
1U.9
41.2

21.5
8.4
.0

13.9
28.8
1U.5
30.6
121.0

17.8
15.7
39.4
22.7
103.5

Landfill
as

°lv control

113.1
108.8
100.0
99.1
97. J*
90.9
83.0

' 79.1

73.9
74.0 •
73.3
65.3
39.8+

Landfill
tolerance
rank .

1
2
3
4

5
6
7
8

9
10
11
12
13

(continued)
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TABLE 1+. (coi.tinued)

Species

Sv/eet gum
Honey locust
Green ash

Shoot le
(cm)

Landfill

13.1
17.6
10.1*

ngth

Control

Uo.U
cl.l
1+0.6

Landi'ill
as

£ control

32.5"
28.8+
25.7+

Landfill
tolerance

rank

11+
15
16

* Average frou. 1 to 10 replica :e- depending on sj

+ Significant @ P <.01.

+ Significant Q P <.05.

TABLE 5. AVER "Z PERCENT STEM /iREA INCREASE FOR ID SPECIES ON LANDFILL
AND CONTROL /'LOTS FOR 197? GBOWINO SEAS Oil

Species

Black pine
Bayberry
Norway spruce
Ginkgo
White pin---
Black. gum
American bassvood
Hybrid poplar
(rooted cuttings)

Red naple
Hybrid poplar
( saplings)

Sweet gum
American sycamore
Green ash
Pin oak
Japanese yew
Honey locust

Steii

Landfill

51.0
18.8
27.9
1U.8
23.9
1+0.1
26.1+
188.7

50.7
133.2

26.6
21.7
37.9
1+2.8
22>
29.2

^area

Control

20.1
8.1
12.2
8.1+
20.:
37.0
27.2
198.7

79.5
216.7

1A.1
39.7
73.6
93.6
50.2
86.5

Landfill
as

% control

253..?+
232. 5 u
228.5+
175.0
118.9
108.2
97.0
95.0

62.8+
61.1+

60.3
5̂ .6
51.6+
1+5.2+
1+1+.6+
32.8+

Landfill
tolerance
rank

1
2
3
1+
5
6
7
8

9
10

11
12
13
ih
15
16

* Percent increase from March to October from 1 to 1C replicates depending
on species.

+ Significant @ P <.01.

+ Significant @ ? <.05.
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Figure 1. Portion of the landfill screening area.
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Figure 2. Portion of "the control screening area.



During 19Y9, six of the l6 species produced more shoot growth on the
landfill than ou the' control plot; however, one-half of the species (3)
produced more stem area on the lancLfill plot than on the control (Tables 6
and 7). Honey locust, hybrid poplar rooted cuttings and white pine produced
greater shoot length and stem area on the landfill plot than on the control
plot. BlacK gum, black pine and American sycamore had better shoot growth
but poorer stem growth on the experimental landfill plot compared to the
control. Japanese yew, bayberry, American basswood, rea maple and pin oak
increased cross-sectional stem area mere on the landfill than on the control
plot but produced less shoot lengtr.. Norway spruce, swe.Bt gum, gink^o, green
at>i: and hybrid poplar saplings produced smaller amounts of snoot aijd stem
growtn on the lajidfill compare! to the control plot.

TABLE 6. AVERAGE SHOOT LENGTH FOR l6 SPECIES ON LANDFILL ANL CONTROL
PLOTS FOR 1979 GROWING SEASON

Species

Honey locust
Black gum
Hybrid poplar
(rooted cuttings)

Black pine
White pine
American sycamore
Japanese yew
Norway spruce
Bayberry
American basswood
Red maple
Sweet gum
Ginkgo
Pin oak-
Green ash
Hybrid poplar
(saplings)

Shoot length
(un)

Landfill Control

101.G
30.9
±07.8

27.6
20.1
51.7
2U.9
21+.9
12.0
18.7
i+8.6
35.7
0.5
29.3
31*. 1
1+2.1

85.5
26.5
98.2

25.5
19.1
1*9.3
26.0
26.6

. 13.8
23.7
61.6
U8.9
0.8
3̂.1
59.5
107.2

Landfill
as

% control

118.8
116.6
109.8

109. U
105.6
IOU.8
95.5

' 93.6
86.9
79.2
78. St
73.1
70.0
67.8
57.U+
39.3+

Landfill
tolerance
rank

1
2
3

h
5
6
7
8
9
10
11
12
13
lit
15
16

* Average from 1 to 10 replicates depending on species.

+ Significant @ P <.01.

+. Significant @ P <.05.
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TABLE 7. AVERAGE PERCENT STEM AREA INCREASE FOR l6 SPECIES ON LANDFILL
.AND CONTROL PLOTS FOR 1979 GROWING SEASON

Species

Japanese yew
VJhite pine
Red maple
Bayberry
Honey locust
Hybrid poplar
(rooted cuttings)

American basswood
Pin oak
Norway spruce
Black pine
Ginkgo
American sycamore
Sweet 'gum
Green ash
Black gum
Hybrid poplar
(saplings)

Stem
(*

Landfill

62.1+
52.0
121.8
31.3

il+2.8
130.3

78.9
73.3
39.5
53.3
13.2
1*8.1 '
'62.0
1*3.7
1+1.2
55.0

^area
)

Control

38.5
33.0
85.9
23.1
105.3
10U.U

6U.5
68.3
Ul.ii

. 57.5
16.7
62. h
85.2
61.3
70. -0
127.0

Landfill
as

% control

161.9+
157.8+
lUl. 8-f
135.6
•135.6
12U.8

122.3
106.5
95.1
92.7
79.2
77.2+
72.7+
71.3+
58.9+
1*3.3+

Landfill
tolerance
rank

1
2

' 3
k
5
6

. 7
a
9
10
n
12
13
lU
15
16

+

+

Percer.t increase from March to October from 1 to 10 replicates depending
on the species.

Significant @ P <.01.

Significant @ P <.05.

Assessing the ability of each species to tolerate or adapt to the land-
fill environment by compiling growth data from the first four years of exper-
imentation .can be approached in several ways.

First, total shoot growth for each species' on both plots was calculated
by totaling shoot length measurements for each replicate for the years 1976,
1977) 1978 and 1979. Average values for all replicates are presented in
Table 8. Each species was ranked in .order of relative tolerance to landfill
condition? on the basis of the ratio of values for landfill growth to those
of control. The highest values for total shoot growth on the landfill as
percent of control were obtained for ginkgo (127.5%) and black gum (117.3%)
whereas, the lowest tallies corresponded to sweet gum and hybrid poplar sap-
lings.
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TABLE b. AVERAGE SHOOT LENGTH FOR l6 SPEC IKS ON THE LAND7JLL AND CONTROL
PLOTS FROM 1976 THROUGH 1973 GROWING SEASON

Species

Ginkgo
Black gum
Japanese yew
American sycamore
Japanese black pine
Hybrid poplar
(rooted cuttings)

Bayberry
White pine
Norway spruce
American basswood
Red maple
Pin oak
Honey locust
Green ash
Sweet gum
Hybrid poplar
(saplings)

Landfill

25.5
92.9
69.8

. 133.6
83.8
320.6'

1*9.8
53.8
56.6
52.0
111.0'
77.2
135.6
81,5
65.8
76.0

Control
(cm)

20.0
79.2
70.1
135.7
90.7
35̂ .1

57.lt
65.0

' 69.8
67.6
150. U
115.8
217.7
1̂ .̂
128.3
331.5

Landfill as %
of control

127.5
117.3
99.6
98. h
92.5
90.5

86.7
82.7
81.1
76.9
73.8
66.7
62.3
56.4
51.3
22.9

ândfill
tolerance
rank+

T

t-t
C.

3
k
5
6

7
8
9
10
11
12
13
11+ ,
15
16

Each number is the sum of shoot length measurements from each living
replicate fron the years 1976, 1977, 1978 and 1979 from 1 to 10 replicates
per species.

The lower the number, the more tolerant the
conditions.

species is to landfill

Secondly, average stem area increase from March 1977 to the end of 1979
was computed for each species on both plots (Table 9). Each species was
ranked in order of relative tolerance to the landfill environment with the
highest rank given to that species which grew best on the landfill compared
to the control and the lowest rank corresponding to that species which grow
poorest on the landfill compared to the control plot. The highest values for
stem increase on the landfill as percent on control were obtained for
Japanese yew (176.2%) and white pine (133.0%) whereas, the lowest tallies
ccrresponded to hybrid poplar saplings (39.5%) and grefn ash (37.7%).

31

\
t r,u



TABLE 9. PERCENT STEM CROSS-SECTION AREA INCREASE* FOR 16 SPECIES FROM •
MARCH 1977 THROUGH OCTOBER 1979 ON THE LANDFILL AID CONTROL PLOTS

Species

Japanese -/c'«
White pir.e
Norway spruce
Black gun
Japanese black pine
American basswood
Qinkgc
Red 'Triple
Bayberry
American sycamore
Pin oak
Honey locust
Sweet gum
Hybrid poplar

(rooted cuttings)
hybrid poplar

(saplings)
Green ash

Landfill
(V

lB8.li
17^.0
16U.9
6141.7
2T5.3 •
165.5

25.8
393.7

^•.3
171.7
361.9
291. u
207.7

9,53*0

295.0

130.2

Control
(%)

106.9
130.8
127.5
539.5
233.8
153. U

29.9
U63.U
119.0
255.3
650.0
620.9
731.6

23,993.^

1,165.3

3^5.6

Landfill as %
of control

176.2
133.0
129-3
118.9 '
3J7.8
107.6

86.3
8U.O
P.O. 9
67.2
55.7
U6.9
12.0
39.7

39-5

37.7

Landfill
tolerance

rank

1
2
3
1*
5
6
i
8
9

10
11
12
13
lU

15'

• 16

* Stem measurements from 1 to 10 replicates, depending on •'jhe species.

+ The lower the number, the more tolerant the species is to landfill
conditions.

Thirdly, rank values for "hoot growth daring 1976, shoct and stem growth
in 1977 (both Riven in a previous reportl), shoot and stem growth during 1978
(Tables U and 5) and shoot and stem growth during 1979 (Tables 6 and 7) were
totaled for each species (Table 10). The values were aligned from lowest to
highest with the most tolerant species (J&panese yew) represented by the '
lowest sum of tolerance ranks value and the species most sensitive to the
landfill environment (hybrid poplar saplings) at the bottom of the table
with the highest value.

iSPA Publication 600/2-79-128. Adapting Woody Species and Planting
Techniques to Landfill Conditions.
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TABLE 10. SUM OF LANDFILL TOLERANCE RANKS* FOR SHOOT AND STEM
MEASUREMENTS FROM 1976 THROUGH 1979

Species

Japanese yew
Japanese black pine
Black gum
Bayberry
Ginkgo
White pine
Norway spruce
Hybrid poplar (rooted cuttings)
American basswood
American sycamore
Red maple
Honey locust
Pin oak
Sweet gum
Green ash
Hybrid poplar (saplings) •

Sum of tolerance
rank values"1"

37
U2
U5
U5
U6
U9 •
50
50
5U
60
60
72
77
83
87
102

Landfill
tolerance
rank

1
2
3
3
5
6
7
7
9
10
10
12

' 13
1U
15
16

* Each number is the sum of that species' rank in 7 rank lists relative to
t.'oe other species. The 7 rank lists are the following: stem area increase
measurements from 1977, 1978 and 1979, and. shoot length measurements from
1976, 1977, 1978 and 1979-

+ The lower the number, the more tolerant the species is to landfill
conditions.

Finally, the Principal Axis Factor Method (Harmen 1967) was used to
calculate average factor scores for each species on both plots (Table 11).
The nature of this statistical procedure dictates that the final factor
scores must add up to zero, thus, the presence of negative numbers in the
table. The difference between the control and landfill plots was computed
for each species. The species with the largest negative difference were
ranked as the most tolerant to the landfill environment because a negative
value indicated that growth was better on the landfill than on the control
plot. The species with the largest positive difference (Hybrid poplar rooted
cuttings) was rated as least tolerant of the landfill soil environment be-
cause growth on the landfill plot compared to the control was poorer than any
other species.

The grand total of the landfill tolerance ranks for each species com-
puted by summing the rank values from each of the above four methods of
analyziiig the compiled growth data is presented.in Table 12. This composite
ranking order identified black gum as the most landfill tolerant woody species
of those tested.
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TABLE 11. AVERAGE -FACTOR SCORES FOR 16 SPECIES FROM DATA FROM 1976
THROUGH 1979 ON TIE LANDFILL' AND CONTROL PLOTS

Species

Black gum
Japanese black, pine
Bayberry
Ginkgo
White pine
American basswood
Norway spruce
Japanese yew
Sweet gum
American sycamore
Red maple
Pin oak
Hybrid poplar
(saplings)

Green ash
Honey locust
Hybrid poplar
(rooted cuttings)

Landfill

-0.02
-0.23
-0.65
-1.08
-0.61
-0.57
-0.57
-0.1+3
0.18
0.02
0.15
-0.22
0.12

-0.57
0.31
2.96

Control Difference Landfill
(control-landfill) tolerance

rank"1"

-O.H;
-0.23
-0.69
-1.11
-0.63
-0.51*
-0.50
-0.36
0.31
0.17
0.53
0.36
0.71

0.30
1.33
h.oh

-0.12
-0.05
-O.OU1 -o.o:
-0.02
-0.03
-0.07
-0.07
0.13
0.15
0.38.
0.58*
0. 59*

1̂

0.87+
. i.o?t
2.Q6I

1
2
3
L
5
6
r~f
1

8
9
10
.11
12
13

ll .
15
16

Principal Axis >actor Method was used to calculate factor patterns and
factor scores for shoot and stem data /ram 1976 through 1979-

The lower the number, the more tolerant the species is to landfill
conditions.

Significant @ P <0.05.

TABLE 12. RELATIVE TOLERANCE OF 16 SPECIES TO LANDFILL CONDITIONS

Species
Sum of landfill

tolerance rank values

Black gum (k, 8)+ -Ra

Japanese':yew (9, U) -
Japanese b3.ack pine (10, 9^ -
Ginkgo (7, 9) -S
White pine (10, 10) -S
Bayberry (9, 9) -
Norway spruce (8, 8) -S
American basswood (9, 1C) -3
American sycamore (10, xO) -R
Red maple (9, 10) -I
Hybrid poplar (rooted cuttings) (10, 5) -R

10
13
1U
17
21
23
26
31
3U
Ul
l*

(continued)



TA3LF 12. (continued)

Sim of landfill
Species tole :ance rank values

Pin oak (y, 10) -R ' • hQ '
Sweet gum (1, 6) -R 51.
Honey locu:;t (10, 10) -R 52
Green, ach (10, 10) -R 59
Hybrid poplar (saplings) (2, 7) -R 60

* Tolerance was established by totaling the landfill tolerance rank values
for each species from Tables S, 9, 10 and 11.

+ Number of replicates living on the landfill and control plots respectively
at the end of 1979.

A R=rapid growth rate, ̂ intermediate growth rati-, S-slow grovth rate,
N=data not available - fron Fowells

The variation between trees in total choot grovth and percent stem
grovth is represented for each species on both plots by the coefficient of
variation (Tables 13'and lU). This statistic expresses sample variability
relative to the mean of that sample by dividing the standard deviation by
the mean value. There was less variability in ooth shoot and stem growth
among landfill tolerant species on the landfill than on the control. However,
the variability among replicates of thoss. specier> relatively sensitive to the
landfill soil conditions, i.e., those towards the bottom of Tables 13 and lU,
was generally greater on the landfill than on the contiol plot.

Total shoo-, growth and stem diameter increase are presented in Table 15
in. descending order from the highest growth on to the least amount of grovth
on the landfill. According to this list, hybrid poplar (from rooted cuttings)
vas the best total grovth species, and ginkgo the least total growth'species
for planting on completed landfill sites.

TABLE 13. COEFFICIENTS OF VARIATION* FOR TOTAL -fHOOT LENGTH
FROM 1976 THROUGH.1979 OF lo SPECIES OH IANDFILL

AND CONTROL PLOTS

Species Landfill Control

Black gum 28.0 35.0
Japanese yew 2̂ .0 . 33.6
Japanese black pine 23.6 30.7
Ginkgo 0.0+ lt.4
White pine 3!+. 5 38.5
Bayberry U3.7 35.7
Norway spruce 31.7 39.3

(continued)
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•'nABL2 13. (continued)

Species

American bas^wood
American .sycamore
Red maple
Hybrid poplar (rooted cuttings)
Pin oak
Sweet gUTi
Honey locust
Green ash
Hybrid poplr.r (saplings)

-„. . . , . ... standard

Landfill

37.7
26.0
33.1
22.8
29.1*
O.OA
25.0
39.0
31.2

deviation Y .„.

Control

51.0-
23.7
32.8
17.8
17.9
9.0
20.9
18.0
19.1

p.ean
+ Species are listed from most tolerant to least landfill tolerant aj given

in Table 12.

t There was no variation in the data points.

•^ Only one tree living oo standard deviation = 0.

TABLE ll*. COEFFICIENTS OF VARIATION* FOR .PERCENT STEM INCREASE
FROM 1977 THROUGH 1979 TOR l6 SPECIEŜ  ON LANDFILL

ANL.CONTROL PLOTS

Species

Black gun
Japanese yew
Japanese black pine
Ginkgo
White pine
Bayberry
Norway spruce
American basswood
American r.ycamore
Re.' maple
Hybrid poplar (rooted cuttings)
Pin oak
Sweet gum
Honey locust.
Green ash
Ky'jrid poplar (saplings)

Landfill

**1.3ssis
1*5.1
50.2
1+5.1*
31.1
52.1*
29.6
230.9
7l*. 8
62.6
33.9
0.0?
38.8
»*1.5
39..1

Control

1*6.8
56.0
55.1
102.6
63.8
51.1
1*6.2
57.8
1*1.9
28.2
39-0
33.6
1*2.0
5&.U
37.1*
32.7

^ r ff. • t ,,. • t- Standard deviation v ..^
a " mean

+ Species are listed from most tolerant to least landfill tolerant.

Only one tree living so standard deviation = 0.
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TABLE 15. TOTAL o.iOOT LENGTH AND PERCEfc" STEM INCREASE* FOR lo
SPECIES ARRANGED IN DESCENDING ORDF::? oy VALUES FROM

I.>7o-i979 Oil THE LANDFILL

Species

Hybrid poplar
(rooted cuttings)

Honey locust
Air.erican sycamore
Red maple
BlacI- gun
Japai. se bl.ick pine

Green ash
•'in oak
Hybrid poplar

(saplings'1

Japanese yew
Sweet gum
Norway spruce
White pine
American basswood
Bayberry
•~ i.nkgo

Shoot length
( cml

320.6

135.6
133.6
111.0 .
9.'-'. 9
33.8

31.5
77.2
76.0

69.3
6>. 8
56.6

. 53.8
52.0,
1*9.8 ,
25.5

Spocies

Hybrid poplar
(rooted cuttings)

Black gvm
Red ir.uplp
Pin oak
Sweet gum
Hybrid poplar

Hone.> locust
Japanese black pine
Japanese yew

White pine
American sycamore
American ba^cwooa
;iorway sprue?
"•-••yen acn
r.j-vborry
Ginkgo

5i,em increase .

.953^.5

6U1.7
393.7
361.9
307.7
295. C

2vl.l*
275.3
163. k

17^ . 0
171.7
1:5.5
loU.9
1 •an o
— ^} - • <—

•96.3
25.8

Each number is the sur.i of the average shoot length measurements from each
living replicate for the years 1976 through 1979.

+ Percent increase fro.-n March 1977 through 1979.

Soil Measurements

Measurements of numerous soil variables throughout the study were made in
order to characterize the nature of the stress to which the plants were sub-
jected on the landfill plot and to compare the values for these variables with
those in the control plot (Table l6). Mean C0_ and CHI), content and tempera-
ture were significantly greater (P<.01) and 02 and moisture content signifi-
cantly lower on the landfill plot than on the control plot. Concentrations
of C02 and CHj, on the landfill plot were'significantly higher at the deeper
soil depths, (i.». 90 cm) than in surface layers and 02 readings were signif-
icantly lower at the 90 cm depth than at more shallow depths (Tatle 17). The
levels of all soil nutrients except zinc and manganese were lower on the
landfill plot than on the control plot, but not significantly so.

Carbon dioxide, 02 and CHL concentrations at the 20 cm depth were all
highly correlated with each other during the period 1977 -through 1979 (Table
13). Levels of each of the soil gases were also significantly correlated
with temperatures recorded at the 20 en depth in the soil.
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TABLE 16. MLAN VALUES' VM SOIL V/.RIA3T ~^ ON LAITOFILL
M7u CONTROL PLOTS IN 1973 AiTO 1979

L^oil Variable

Temperature °C
'* Moisture content
Conductivity (1-2)
Organic matter ",
=!• 3ar.d
?H

ibs/A

'••'-&
r

K
Ca
:jo_
!mu

pprr.

Fe
Cu
Zn
I-in
3

Landfill
1978

19. Ob1"
S.Ca"*"
0.1
1.6

62.3
**.5

'.7
. 79
123'
178
29. 7
10

79
U.i
7.5
19
0.30

plot

13. jo
IQ.lb
0.1
1.8
32.1
6.2.

62.3
1̂ 7.7
105.7
1591
16.7
9.7

65.5
2.9
5. U

1U.2
0.2̂

Control

17. Ya
. 10. 3bc
C.I
2.3
79.0
U.5

llU
60
2U1

567
80
22

153
U.7
U.3
17
0.25

plot
1979

17.3a
12. 2c
0.1
2.1

75:1

5.9

1CU.1

lUl.l
135.0
2036

3b.O
ik.C

75.5
3.9
7.7
31.5
0.29

* Sanples collected at the 20 cm depth. Each gas concentration value is the
mean of 320 readings.

+ Row means foJlowed by different letters are significantly different
at K.01.



TABLE 17. SOIL GAS CONCENTRATION TJlUNG 1978 AND 1979 AT TIE 20 cm ,
- 60 cm+ AND 90 cm+ D.v'xilb O'J "IIE LANDFILL AID CONTROL ; LOTS .

Soil
Depth
(cm)

20

60

90

Year

1978
1979

1978
1979
1978
1979

Landfill

^

I8.1b#

17. 2b

13. Ib
18. 3b

12. 7a
13. 7a

C

3.8a
U.la

6.7b
8.7b

2̂ .9d'
22. lc

,̂CH,
4

O.Ua
O.Ua

l.Sb
l.Tb

16. 9d
lU.2c

^

20. Cb
Jj.ob

18. 2a
13. 3a

18. 3a
18. 9a

Control

f-

1.2b
0.9a

1.2b
1.2b

1.3b
1..2b

*

O.Oa
O.Oa

O.Oa
O.Oa

O.Ca
C.Oa

* Values represent mean from 6Uo readings on the landfill plot and bo read-
• ings on the control plot during 1978 and 19V9.

+ Values represent mean from 120 readings on ihe landfill plot and lo read-
ing c on the control plot d\iring 1978 and lr;V9.

rf Column means followed by different letters c.re significantly different
from each other d K.01.

TABLE 18. CORRELATION* AMONG SOIL GAGES+ AND SOIL T
ON THE LA1IDFILLL PLOT

Gas Carbon dioxide

Oxygen -0. 98̂
Carbon dioxide-
Methane

Methane

-o.95'i
+0.9̂

Temperature

-0.721
0̂.72̂ .
+0.71r

* Each number represents the correlation coefficient (r) between the two
indicated soil parameters for data collected during 1977, 1978 and 1979.

# Significant at K0.01.

+ Sampler collected at the 20 cm depth. Each value was computed on 960
readings.

'/ariability around the mean CO^, 02 and CH. concentrations was greater
in the landfill soil than in the control soil demonstrating that high levels
were occasionally recorded in the landfill soil (Figures 3, ̂  and 5).

Soil pH values in.the landfill soil differed v°ry little from levels in
the control soil (Figure 6). The pH dropped from approximately 5.0 in 1977
to U.5 in 1978 on both plots only to rise to 6.2 and 6.3 (control and land-
fill respectively) when the soil was amended with proper amounts of limestone.
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TABLE 19. SOIL VARIABLES WHICH CORRELATE'WITH SHOOT AND STEM GROWTH
•OF SPECIES IN THE LANDFILL SPECIES SCREENING EXPERIMENT*

Shoot Growth
Species . ' Soil Variables

Black pine
American basswood
Ginkgo
Bayberry .
Red maple
Japanese yev

None
M.C., B.D.,0 *M.C. ,0 *B.D.

None
None
None
None

American sycamore M.0.,B.D.,0 *M.C.,0 *B.D.
Hybrid poplar (rooted cuttings) None
Black' gura 02 ,B.D.,0 *M.C.
White pine None
Pin oak' None
Norway spruce 0
hybrid poplar (saplings) None
Sweet gun . 0 ,M.C. ,B.D. ,0 *M.C. ,0 *B..D.
Honey locust Or.M.C.,B.D.,Or*M.C.,OT*B.D.
Green ash None

Stem Growth

Black pine
•Bayberry
Norway spruce
Ginkgo
White pine
Black gum
American basswood

Hybrid poplar (rooted cuttings)
' Red maple

Hybrid poplar (saplings)
Gweet gum
Sycamore
Green ash
Pin oak
Japanese yew
Honey locust

None
None
None
None
None

Og, M.C.

None

None
None
None
None
None

0 ,02*B.D.
0 *B.D.
0?,M.C.,0 *B.D.

None

Speciss are arranged in descending order from most tolerant of landfill
conditions to least tolerant.

M.C.=moisture content, B;D.=bulk density, 0 =oxygen, 0 * B.D. =
product of 0 level 'and B.D. level, 0 -"M.C. =product of 0 level and
M.C. level.



Mean soil moisture, content on the landfill and control plots from 1977
through 1979 is represented in Figure 7. Moisture content was co.ic: *tently
lower in the landfill plot than in the control. Soil moisture was maintained
at adequate levels throughout 1979 by natural rainfall. Both plots were
frequently irrigated during 1977 and 1978 in order to maintain moisture at
levels high enough to prevent plant drought injury.

"in order to investigate the effects of soil environment on tree growth
a regression analysis was performed for shoot and stem growth for each of the
16 surviving species using soil 03, moistu-e content (H.C.), bulk density
(B.D.) and the interactions of 69 with M.C. and 02 with B. D. as independent
variables (Table 19). The- results of these analyses shoved that soil para-
meters were more highly correlated with the intolerant species (those at the
bottom of Table 19) than with the more tolerant species (those at the top of
Table 19).

GAS-BARRIER EXPERIMENT

The following section reports on data collected from American basswood
+rees planted, in the gas-barriers in 1976. Bassvoods in the trench barrier
areas wers harvested in the spring of 1978 and replaced with seedlings of
black gum, honey locust and pin oak.

Re? ative Viability of Plants

Six blacX gum, 5 pin oak and 3 honey locust trees died in the barrier
trenches and on landfill and non-landfill unmodified areas during 1978 and
1979 (Table 20).

TABLE 20. NUMBER OF DEAD TREES IN LANDFILL AND CONTROL GAS-BARRIER
TRENCHES AND IN UNMODIFIED LANDFILL AND CONTROL AREAS*

Area Black gum

Species

Pin oak Koney locust Total

Control trench
Gravel/plastic/vents

trench
Clay/vents trench
Clay trench
Unmodified landfill area
Unmodified control area ,
Total

1
1

1
1
.1.
1

6

1
1

2
1
0
0

5

1
0

0
0
1
1
3

3
P

3
2
2
2

11+

Six replicates of each species were original 1y planted in each area in
Spring, 1978. .

:
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Relative Growth of Surviving Plants

In the surviving trees, black gum shoot grovrth was statistically similar
in all six experimental areas during 1978; however, in 19793 shoot growth in
the gravel/plastic/vents trench war significantly greater than in any other
area (Table 21). Pin oak shoot growth was similar for a.11. areas on the land-
fill plot. The differences between the control trench and unmodified control
area and between clay trench and unmodified control area were significant at
P<.01 during 1978. No significant differences were identified for pin oak
shoot growth in, 1979. Honey locust shoot growth during 1978 and 1979 was
significantly greater (P<.01) in the gravel/plastic/vents trench than in all
other areas.

Shoot and stem measurements were collected from American bassvood and
Japanese yew on the two landfill mounds, the control mouni and on the
unmodified landfill and control areas to determine if the growth of woody
plants Li mounded coil areas would be better than in unmounded areas (Table
22). American basswood growth was significantly improved in the landfill
mound lined with a 30 cm (12 in) clay barrier over that in the unmodified
landfill area during the first three years of the study period (1976-1978).
During 1978, shoot and stem growth of yew in the clay-lined mound and stem
growth in the unlined mound was significantly greater than in the unmodified
landfill area but not in 1979.

Soil Variables

Soil C02 and CH^ concentrations in the clay/vents trench were signif-
icantly higher and 02 significantly lower than in the control trench (Table
23). Soil moisture in the three landfill trenches was significantly lower
than iii the control trench (Table 23).

The mc~>t striking nutrient difference among areas was the low available
phosphorus, high I.Tfy and high Fe in the clay/vents compared to the other
three areas. Cu , Zn and Mn content were also highest in the clay/vents
trench.

Bassvood Growth Parameters

Measurements GJ. four growth parameters fcr the nine gas-barrier areas
during 1977 are shown in Table ?.U. Basswood root biomass, basal stem area
increase and shoot length in the unmodified landfill area were significantly
reduced compared to the'unmodified control; however, there was no signifi-
cant difference among areas for leaf weight. Basswood growth was also
significantly reduced (P<.01) on the landfill mound and landfill clay mound
compared to control mound for each of the four growth parameters. Root
bicxr.ass in the three landfill trenches was not significantly reduced (P<.01)
below that in the control trench; however, for the other three parameters,
growth was less in the clay/vents trench, unchanged in the clay trench and {
significantly higher (P<.01) in the gravel/plastic/vents trench compared to j
the control trench. , (

Growth on the landfill mounds and trenches was also compared with that



TABLE 21. MEAN SHOOT LENGTH (cm) FOR TREES IN EACH GAS-BARRIER TRENCH AND UNMODIFIED
AREA I'OR 1978 AND 1979

Species

Area

Control trench
Gravel/plastic/
vents trench
Clay/ vents trench
Clay trench
Unmodified
control area
Unmodified
landfill area

Black

1978

12. Oa*
9.2a.

10. 3a
10. 5a
11. 2a

13. Oa

gum

1979

25. la
52. lb

26. 2a
28. 9a
22, 3a

23. 5a

Pin

1978

9.8a
13.6ab

13. 3ab
n.5a
18. lb

15.5ab

oak

1979
18. 2a
20. 6a

2̂ .3a
19. Oa'
25. 6a

17. 8a

Honey

1978

30.9*
91. 9b

36. 5a
25. 2a
38. 6a

+

locust

1979
70. la
135. 9c

73. la
?3.6a
118. lib

70. 6a

* Column means followed by different letters are significantly different from each other @ K.OL.

H All shoots were destroyed by rabbits.



TABLE 22. SHOOT LENGTH AND PERd-MI STEM AREA INCREASE FOR AMERICAN BASSWOOD AND JAPANESE YEW ON
LANDFILL AND CONTROL MOUNDS AND UNMODIFIED AREAS DURING THL YEARS 19?6 THROUGH 1979

Area

Unmodified
Control

Unrr.odi 1 led
Landfill

Control
Mound
Landfill
Mound
Landfill
Clay
Mound

Spec i en

Jap. Yew
Eastwood
Jap. Yew
Basswood
Jap. Yew
Basswood
Jap. Yew
Basswood
Jap. Yew
Basswood

1976
Shoot Stem
Length Increase
(cm) (£)

U.9
19.3
12.7
18.9
12.7
19.0
17.5
27.9*
18.0
30.9*

1977
Shoot
Length
(cm)

20. 0
17.2
5.5 .
9.7

' 1*.7
17.0
.̂7

lu.9
7.0

•21.6

-Stem'
Increase

(%}

2l*.0
50.0
1*5.0
26.8
-37.0
30.0
11*. 0
31.3
26.2
60. 0*

1978
Shoot
Leng-.h
(cir)

1̂ .5
8.u

13.2
9.1
l'i.8
26.1
17. 2+
29. 1+
2l».l
31. 2+

Stem
Increase
W

50.2
27.2
22.1*
26.1*
20.1
32.1.
51.2
29.1
1*1.6
32. 8*

1979
Shoot
Length
(cm)

26.0
23.7
2l*.9
18.7
21.2
29.9
18.7
21.2
27.7
23.5

Stem
Increase

(O

38.5
61*. 5
52.1*
78.9
1*2.7
1*1.2

. 61.1
59.1
1*9.8
7̂ .8

Stem measurements were not collected during 1976.

Significantly different from unmodified landfill area @ K.01.



TAB: MEAi-.' SOIL VAR'ABLE VALUES IM EACH GAS-BARKI^R TRENCH DURING 1978
AIM: 1979

Soil
variable

1-* 02
'to CO
% CHJ;
% Moisture content
Conductivity
% Organic natter
PH

Ibs/A
Mg
P
K
Ca
NO
NHj

ppm
Fe
Cu
Zn
Mn
D

Contrcl
trench

1978 1979

20. la+

1.2
0.0
10.1
< 0.10
3.2
1̂ .7

51
121
122
205
17
19

82
U.8 -
5.2
17.9
0.48

20. Oa
I.Ob
O.Oa
12. Ib
0.10
3.1
5.8

" 6.2
lUl
121
091
16
19'

91

5^216.1
0.21

Gravel/plastic
vents
trench

1978 1979

19. to
i.to
O.Oa
8.7a

< 0.10
2.6
U.b

50
U5
155
13̂
13
8

70
't.5
5.5
18.0
0.63

19. 2a
1.9b
O.Oa
9.2a
0.10
2.9 .
5.9

•1*9
U.8
12*4
610
15
12

72
.̂8
6.2
19.1
0.51

Clay/ventn
vents
trench .

1978 1979

17. Ib
6.8a
4..8C

9.2a
< 0.10

3.1
5.3

59
15

' 83
223
.9

210
5.6
6.0

-26.0
0.32

17. Ib
5.U;i

2. IK:

10. la
0.10
3.0 .
6.1

60
75

- 98
8̂ 1
12
50

121
5.2
6.0
25.0
O.Ul

Clay
trench

] 978 1979

19. <Ja
2.1b
1.2b
8.9a

< 0.10
2.7
5.3

97
22'3
110
178
U
12

51
3.8
5.1*
18.5
0.57

I8.21a
1.9b
0.8b
10. Oa
0.10
3.1
6.1

98
191
1<I
716
17
21

60
5.2
5.1
19.2
0.52

* Values are average of 20 readings collected at the 20 cm depth from late April thru mid-Sapteniber.

+ Row means followed by different letters are significantly deferent at K.01.
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TABLE 2U. MEAN V.vLUES FOR AMERICAN 3ASSWOOD GROWTH PARA'-IETEKS III GAS-BARRIER A?J:\S Dtoll.'G 1977

Ai-?a

Unmodified control
Unmodified landfill
Control mound
Landfi 11 mound
Landfill clay mound
Control trench
Landfill clay trench
-Lindfill clay/vents

trench
Landfill gravel/plastic/
ventc trench

Root biomass
(mr,)

I865ab+
l/(2a.
2838b
622a
930a
1901ab
10698
155-*

dOOa

Stum
area #

(fj increase )

50. Oc
26. 8b
76. 6d
31. 3b
60. Oc
30. Ob
23. 9b
O.Oa

73.3d

Leaf
weight
(g)

1. l?lb " .
l.Olb
•"5.7 e
1.9 c
3.'» «l
2.0 c
2.21c
0.02a

U.O d

Shoot length
(an)

•I8.6c-
9-7b

31+ . 5C
16. 9e
21. 6f
13. 3c
lU.2cd
16. 8a

22. "8f

% increase from March to September.

Column means followed by different letters are significantly different & P<.01.

Only one of the original six traes was alive at the ^nd 'if



on the unmodified landfill area, thus allowing for an assessment of the
ability of each of tJ-v.-r.e five; arear to pror.otc better Growth than the unmodi-
fied landfill. None of. the tree.; in the five gas-barrier area.:: produced
significantly more root biomass thar in the unmodified landfill area. On the
other hand, both the clay mound and gravel/plantic/vents trench produced sig-
nificantly more stem arra, leaf weight, and shoot length than did the unmodi-
fied area. The landfill nounc and cl-j.y trend: produced greater leaf weight
and shoot length, but similar stem area increase- compared with the unmodified
landfill area. Basswood growing in the clay /vent :•. trench produced signifi-
cantly less star. incr'-.T.se leaf weight or "hoot length than in any other area.

Foliar Nutrient Uptake By Asicr:-•'an Basswocd

American barswood leaf mineral content in the ^as-barrier areas is
g\vc;n in Table 25. Mineral content of the foliage cf trees fron the unmodi-
fied landfill area for seven of the eicJif. elements (nitrogen, potassium,
magnesium, calcium, manganese, zinc and copper) was similar to thac in the
unmodified control area. Iron alone was significantly higher (F<.05) in
content on the control plot, ilitrogen, calcium, manganese, zinc and copper
content? did not differ significantly lr<.05; ai.:ong the two landfill mounds
and the control mound. However, the potassium content for trees was lower
in the landfill mound and th^ iron content on the landfill mound and landfill-
clay mound, higher than for trees on the control mound.

The most striking feature of the mineral content data was that American
basrwood foliage in the clay/verts trench contained significantly (!"K.O;>)
more magnesium and iron and significantly less nitrogen, potassium and manga-
nese than did any other area including the control trench. The zir.c concen-
tration in the clay/vents trench did not differ significantly however, from
those in any other trench. The nitrogen and potassium contents in the clay
anu gravel/plastic/vents trenches we_'e significantly higher than in the
control trench; however, no differences were detected for zinc and copper.
Magnesium and calcium contents were lower for the clay trench and sircalar for
the grcvel/plastic/vents trench when compared to the control trench.

The increased ability 01 American basswoods growing in the landfill
mounds and trenches to accumulate nutrients compared to unmodified conditions,
can be assessed by comparing tissue element content in the trenches and
mounds with contents in the unmodified landfill area (Table 25). The differ-
ences between the two landfill rounds and unmodified landfill area for
potassium, calcium,zinc and copper were insignificant (JF<.G5) but the nitro-
gen cor.tent in both ir.ounds was significantly greater than in the unmodified
area. Although tissue .oagnesiuir, content in the two r.ounds differed very
little from that in the unmodified area, the clay mound contained signifi-
cantly more magnesium than did the landfill mound and the unmodified area.
American basswood contained a higher iron content in the landfill mound than
in the unr^dified area, but trees from the clay mound did not. The iron,
zinc and copper contents in the clay and gravel/vents trenches did not signif-
icantly (F<.05) differ from those in the unmodified landfill area; however,
nitrogen and potassium contents were increased significantly over the unmodi-
fied area in both trenches. Although the difference was very small, the
magnesium content of American bassvoods in the gravel/plastic/vents trench
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TABLE 25. MINERAL ".LEÎ T CONTENT OF AKLRICAII BASSV.'OOD L'£AF TISSUES IH GAG-BARRIER AREAS

Area

Unmodified
control

Unmodified
landfill

Control
mound

Landfill
mound

Landfill
clay mound

Control treno.h
Landfill cla>
trench

Landfill cluv/
vents trench

Landfill
(^ravfl /plastic
vvriiLs trench

N K Mg Ca
$ (X^OOO ppm) (X5000 ppm) (X5000 ppm)

3.13b+ 2.91c

3.17b 2.71bc

3.6lc 3.03cd

3.51c 2.60b

3.98c 2.H2b=

3.l8b
3.'!'« .̂-J-"-i

2.COa 2.13a

3.53c 3.37d

0.91a 2. Tic

Q.92v. 2.79c

0.93a 2.95c

0.95a 2.77c

l.OOb 2.85c

1.02b 2.52bc
0.89a 2.08a

I.l6c 1.77 a

l.OOb 2.48bc

Mn Ft- Zn
(X500 ppm) (X200 ppm) (X500 ppm)

5.?lcd 6.U8u 1.58&

6.20cd 5.Q3bc l.U8a
-

6.U8d .̂t'3a 1.89a

6.;,5d C.USd • i.BUa

6.73d 5.93bc l.65a

?.6?b 5.70b 1.23a
O ) i "̂ V. L . C f * U A TcQji* ̂ r£iO ~} • OoDC X • ̂ O&

l.'i?a 7.uOc 1.58a

5.95cd 6. t?0cd l.l̂ a

Cu
(X200 ppm)

0.71a

0. 77a

O.Toa

C.86ab

0.78a

0. 8lab
0.76a

O.SQb

0.79a

number is the nean of six replicate trec-c.

'.'olumn means with different Icttors arc significantly different C2 K. 0^.



was significantly greater than tha~ of trees in the landfill unmodified area.

Total mineral element•uptake per branch was calculated for each tree and
averted for each experimental area 'Table 2t). The unmodified control area
did not differ from the unmodified landfill screening area for any of the
eight elements. In th-- landfill mound and landfill clay mound, American
basswood accumulated lee.: oi' evf>ry clement than did trees on the control
mound. The relative nutrient accumulation by American basswocd among the
four trenches was identical for ea.cn nutrient, i.e. the trees in the clay/
vents trench accumulated less, these i;> th'j clay trench accumulated approxi-
mately the came and those in the gravel/plastic/ventc trench accumulated more
of each element than the control trench (Table 26).

Total accumula4 ion per or .inch for each lar.df ill barrier area was com-
pared with the uij.-.odified landfill area. The landfill mound and clay trench
mineral element values did not diffur significantly from the unmodified land-
fill screening area for any element except copper, which was significantly
greater (p<.05) in these two areas than in the unmodified area. Trees in the
landfill clay mound and gravel/plastic/vents trench accumulated significantly
more of every element than did those in the unmodified area. On the other
hand, total element uptake per'branch for trees in the clay/vents trench was
significantly lower than for those in the unmodified landfill area, except
for copper which did not differ significantly (K.05) from the screening
area.

Soil Gas, Temperature, Moisture C'ontent and Bulk Density Analyses

The coil oxygen'and moisture contents on the unmodified landfill plot
daring 1977 were significantly reduced (.-<,01) when compared to the control
plot (Table 27). On the other hcJid, carbon dioxide, methane and soil temper-
ature were significantly increased in the unmodified landfill plot. There
was little difference in bulk density of two soils. The two landfill mounds
did not differ from the control mound in any of the soil parameters except
for soil mcisture, which was significantly reduced on both landfill mounds.

The 02 content was significantly lower and the C02 and CH1| contents
significantly higher in the clay trench and clay/vents trench than in the
control trench. Soil temperature in the clay/vents and gravel trenches was
significantly higher than in the control trench; whereas, bulk density was
lower in the clay/vents and gravel/plastic/vents trenches, foil bulk density
in the clay trench was not significantly lower in the clay trench and gravel/
plastic/vents trench compared to the control, however, moisture content in
clay/vents trench was not significantly different from the control trench.

Soil Nutrient Analyses

The average nitrate (N0~), ammonium (NH,) nitrogen, potassium and man-

ganese content in ea^-h area are given in Table 28 for samples collected on
two separate dat"o in 1977. The NO~:NH?" ratios in June were relatively
similar for <-> 1 areas; however, by October, the NO~:NH^ ratio in the clay/
vents tr.-nch w s about half that in any other area either on the landfill or



TABLE 26. TOTAL AMERICAN BASSWOOD UPTAKE OF MINERM, ELEMENTS PER BRANCH IN NINE LXPERIMENIAL /REAS

Area

Unmodified
control

Unmodified
iaiv.ifill

Control mound
Landfill
mound

Landfill clay
mound

Control trench
Landfill clay
trench

Landfill clay/
vents trench

Landi'ill
gravel/
plastic/ vents
trench

Mn '
(mg)

6.8b+

6.2b -

1+5. 6d
12. 6c

22. 9c

6.7b
7.6b

0.3a

23.7c

Fe
(XUOO ug)

7.5b

5.9b

32. 6e
l?.3bc

20. 2cd

1C. 5bc
12.8bc

1.6o.

2li.6de

K
(X10 mg)

3.Ub

2.7b

21. 3e
U.9bc

9.6cd

U.Ybe
7.1bc

O.ka.

13.Ude

Mg Ca
(X10 mg) (X10 mg)

1. lb 3. Ib

0.9b 2.9b

6.5e 20. «d
l.Obc 5.3bc

3.^cd 9.7c

2.0bc C. r'bc
2.0be li.6b

0.2a O.^a

3.9d 9.9̂

Zn
(mg)

1.8bcd

1.5bc

13. 3f
3. ?cde

5.6e

2.2bcd
3. 5cde

C.3a

^.5e

Cu
(̂ 00 ug)

0.8a

0.7a

5.Ue
1.6bc

2.6cd

1.5bc
l.l,.:-0'-

0. £a

3. Id

3.

3.

25.
6.

11.

•j.
7.

0.

I1*.

N
00 mg)

6bc

2bc

H+-
obcd

ude

9bcd
ccd

7a

Oe

* Uptake •?•-.'*: branch = Average weight of leaves per branch X mineral concentration (ppir.1!.

+ Column means with different letters are significantly different ^' K.Ô .
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TABLE 27. LJ-VELS OF SOiL GAS!-:- . , TEMPERATURE, SOIL MOISTURE AND BULK DEII
IN no: GA:--DAHRIER AJIEAS DURING 1977

Area

Unmodified control
Unmodified landfill
Control mound
Landfill mound
Landfill clay mound
Control trench
Landfill clay trench
Landfill clay/vents
trench

Landfill gravel/
plastic/vents
trencn

°2
(£)

li
19. 7dff

17. 8c
19. ̂ d
20.3d
20.3d
19. 6d
16. 3b
lt.3a

19. 8d

CG0

(£)

1.2a
5.5b
1.2a
0.8a
0.8a
1.2*
7. Ob
22. 8c

1.3a

CHU

(%)

O.Oa
0.9b
O.Oa
O^Oa
O.Oa
O.Oa

-C.To
11. be

O.Oa

Temperature

(°F)

(I. 3a
66. 3b
6-1*. la
61. 3a
6U.3a
63. 2a
65.2ab.
YC.7c

70. Ic

Coil
moisture
(% dry wt. )

11. Od
8.1b
10. 7d
7.3a
7. 5a
10. 5d
8.i*b
11. Od

V.Oc

- Bulk
density
(g/cc)

1.82b
1.85b
l.l*5a
1.33a
1.1* 1+a
1. 72b
l.oTb
1.1* la

1.29a -

* Each value is the average of 30 individual measurements.

+ Lulk density was measured once in mid-summer at the came points gas samples were1 collected.

# Column means followed by different letters are significantly different @ IK.01.



TABLE 28. LEVELS OF SELECTED NUTRIEIITS HI EACH OF n'HE GAS-BARRIER AREAS (197?)

i;°2 ''̂ ii K

(ppml

C or.tr ol

Landfill

Control
310111 id
Landfin
mound
Landfill clay
mound
Control trench
Landfill clay
trench
Landfill clay/
vents trench
Landfill gravel/
plastic/vents
ti-ench

June

5?

33

b',

2Q

23

31
25

30

60

Oct.

20

H.

U2

7

20

15
6

6

10

(ppn)

June

2̂ 2

185

280

290

170

180
iUo

198

310

Oct.

11

5

11

2

8

3
2

6

h

Ratio

June

0.20

0.18

0.2U .

0.10

O.lU

0.17
0.18

0.15

0.19

Oct.

2.6

2.3

3.8

3.5

2.2

5.0
3.0

1.0
.

2.5

(ppm)

June

173

178

200+

2OO+

177

192
192

168

200+

Oct.

10U

69

102

92

119

95

62

80

Mn

(ppm)

June

85

hi

77.5

50

72.5

hh
50

55

90

Oct.

21

6

lU

- 8.5

11

12.5
6

45

6.5

* Since each nutrient was measured once in each area on each date, statistical analysis was not
possible.



control plot. There were.no other discernable soil nutrient trends othc-r'
than a small decrease from June to October in the manganese concentration of
the clay/vents trench compared to a relatively large decrease in all other
e.reas, resulting in a high manganese (1*5 pprn) concentration by October in the
clay/vents trench (Table 28).

Soil bulk density and root biomass v̂ .re. both correlated with tree nutri-
ent uptake in the nine barrier areas (Table 23). ^ince root bionass is ap-
parently influenced by landfill soil conditions and root biomass in positive-
ly coi'rela.LL.1 vit.h total nutrient uptake, then the. efficiency with which the
loot system accumulates nutrients may be a^es^d by r.n.ilyzinp total nutrient
uptake differences between areas after removing the linear effect of root
biomass on /.ulrient uptake. If the effects of bulk density ana root biomass
on nutrient uptake are removed by analysis of covariance,' the efficiency of
iiutrient acr.umvJ.ation can be evaluated since the linear relationship of root
biotr.ass and bulk density with nutrient accumulation/branch is removed. After
adjusting the eight nutrient means in each area for these two effects' (Table
30), nutrient accumulation in the gravel/plastic/vents trench and clay mound
was no longer significantly greater than ;,hat in the experimental screening
area as it was with tne unadjusted means (Table 28). Therefore, basswoods in
four of the five gas-barrier areas (both mounds, gravel trench, clay trench)
have accumulated eight nutrient elements as efficiently as those in the
unmodified landfill and unmodified control areas (Table 30). However, nutri-
ent accumulation efficiency was severely reduced in the clay/vents trench
where the landfill gas concentration was significantly greater than in any of
the above areas (Table 30).

TABLE 29. CORRELATION COEFFICIENTS OF ROOT 3IOMASS AND SOIL
BULK DENSITY WITH TOTAL NUTRIENT UPTAKE FOR EIGHT

NUTRIFJITS III AMERICAN BAS3WOOD LEAF TISSUE

Tissue nutrient

Mn
Fe
K
Mg
Ca
Zn
Cu

N

Root biomass

0.61*
0.59+
0.66
0.70
0.72

0.75+

0.69̂
0.69+

Bulk density

-0.46+
-0.1* 1*J
-O.U6*
-0. 44+

-0.1*7+"
-0.5U
-o. i+9i
-O.M4

Significant .? P<.01.

Significant <3 K.05.



TABLE 30. AMERICAN EASTWOOD CLEMENT UPTAKE l'1-K BHANCH FOR FlLiHT NUTRIENTS IN NINK EXPERIMENTAL AREAS
ADJUSTED FOH BULK DENSITY AND ROOT BIOMASS

Area

Unmodified
landfill

Unmodified
control

Gravel/ plastic
vents trench

Clay/vents trench
Clay trench
No- clay
mound

Clay mound
Control
mound

Control trench

Mn
(nig)

17. 5b

lU.Tb

lU.6b

3.3a
11. 5b
10. 3b

19. lb
38. 6c

11. 8b

Fe
(XUOO ug)

l6.7cb

1.51cb

15.9cb

O.la
l6.6cb
5.3b

l6.Ccb
26. 2c

15.5cb

K
(X10 me)

S.3b

7.2b

8.9b

1.3a
9. Ob
U.Ub

7.7b
17. 8c

7.2b

Nutrient

(X10 me)

2.6bc

2.2bc

2.6bc

0.3a
2.6bc
2. lab

2.8c
5.Ud

2.8c

Ca
(X10 mg)

8.1b

6.7b

5.7i->

1.2a
6.Ub
2. Ob

S.Ob
17. 5c

7.Ub

Zn

U.6b

3. 9b

2.1b

0.6a
U.ob
l,6b -

U.6b
11. 3c

3.6b

Cu
(XUOO mg)

2;lb

2. Ob

1.8b

0.3a
2.5b
0.6ab

2.1b
U. 5c

2.2b '

N
(X100 mg)

9.5b

7.9b

9.1b

l.?a
9.8b
2.7b

9. ob
21. 3c

8.7b

* Column means followed by different letters are significantly different from one anotncr at K.01.



EFFECT OF PLANTING STOCK SIZE ON SPECIES ADAPTABILITY TO LANDFILLS

In order to evaluate the effect of original size of woody vepetation at
the tiirie of planting on landfill tolerance, shoot growth on small (1-2' (30-
60 cm) tall) and large (6-10' (180-300 cm) tall) replicates of five species
was ir.eisurcd on trees in the landfill and control plots (Table 31). Shoot
growth of small pin oak, green ash, sugar maple and hybrid poplar (rooted
cuttings) was not statistically lower on the landfill plot than on the
control. Conversely, shoot growth of the large replicates of the;c same four
species was significantly less on the landfill than in the control plot.
This relationship was reversed for one species, honey locust. The large
replicates exhibited no shoot growth difference between plots; whereas, shoot
growth of the small trees was significantly lower on the landfill than on the
control.

TABLE 31. TOTAL SHOOT GROW1H OF SMALL AT!'J1 LARGE PIN OAK, GREEN ASH
HONEY LOCUST, SUGAR MAPLE AND irY3rt!D POPLAR ON LANDFILL AND

CONTROL PLOTS DURING 1978 AND 1979

Species

Fin oak

Green ash

Honey locust

Sugar maple-

Hybrid poplar

Size

omail
Large
.'mall
Large
Small
Large
Small
Large
âll

Large1

Landfill
(raO

33.3
52.0
61*. 6
UU.3
70.6.
119. t*
23.8
15.7
203.5
83.3

Control
( cm )

>0.7
82.5
95.2
100.1
157.0
1U6.6
3̂ .8
3̂ .5
219.2
210.7

Landfill as
>j control

76.2
63.0
67.8
Ifl.,2
5̂.0

81.1*
68. U
1*5.5
92.8
39.5

Significance
level^

i'I . S .
.08
N.S.
.01
.01
N.S.
N.S.
.05
N.S.

• .01

Total shoot growth=shoot growth during 1978 plus shoot growth during 1979.

Six small-sizea trees and ten large sized trees of each specie^ were
originally planted on*each plot.

Comparing landfill plot mean with control plot mean.
(? K.10, number indicate significance level.

N.S.=not significant
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EFFECT OF BALLED AND BURLAPPFD VS. BARE-ROOT CONDITION ON GROWTH OF SUGAR
MAPLES ' '

Shoot growth of tailed and burlapped suyar maples on the landfill plot
was similar to grcxwth on the control plot; however, growth of bare-rooted
trees was significantly lower (P<.05) on.the landfill than on the control
plot (Table 32). In addition, shoot growth of the balled and burlapped
maples on the landfill plot was significantly greater than that of the bare-
rooted maples; whereas, growth of the two types of trees was statistically

similar on the control.

TABLE 32. MEAN SHOOT LENGTH* FOR BALLED ALT) BURLAPl'ED AND BARE-
ROOTED SUGAR MAPLES ON LANDFILL AND CONTROL PLOTS

Root
Treatment

Balled and
burlapped
Bare-rooted

Landfill
1978 1979

9.2 22.3

U.9 10.8

Control
1978

8.2

10.1

1979

22.1

22. h

Landfill an
% control"1"

(1)

10U N.S.

U6

* Each value is the mean for six shoots'measured on each of five treeo.

+ Percentage was calculated from the total shoot length computed ar 1'978
growth plus 1979 growth.

+ Differences significant at P<.01.

EFFECTS OF IRRIGATION ON SUGAR MAPLE GROWTH

Soil Parameters •

Carbon dioxide concentrations (Table 33) were significantly higher
(1X0.01) in the landfill plot (2.1.% to 8.1%) than in the control (1.2?-. to
1.3$) during the 1978 and 1979 growing seasons. Oxygen concentrations varied
from 15.8% to 18.1% in .the landfill plot and from1 19.2% to 20.1% in the
control, resulting in a significantly lower oxygen content in the landfill
(mean from irrigated and non-irrigated areas) (17.010 than in the control
(moan from irrigated and non-irrigated areas) (19.30. Methane was not
deteded in either of the plots.

Gas readings in the irrigated and non-irrigated control .areas and
land-T'ill irrigated area were alike within each trea-^nent area throughout the
summer. However, within the landfill non-irrigated area, the carbon dioxide
readings were consistantly higher and oxygen consistantly lower in the south-
ern campling point than in the northern gas sampling station.
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TABLE 33. AVERAGE CARBON DIOXIDE £ND OXYGH! CONCENTRATIONS IN
LANDFILL AND CONTROL IF.F.IGATEL A!.~ MOM-IRRIGATED AREAS

Landfill Control
Area Gas Year North South North (Tenth

of

Mean 17.9 19-9

1978 2.U 2.1 l.U
1979 '3.1- 2.U 1.2
Mean 2.6 l.U

Non-Irrigated
Oy2

CO

1978
1979
Mean

1978
1979
Mean

16.9
16. U

16.

2.8
3.̂

5.

15.8 '
15.8
2

7.8
8.1

5

19.8
20.1

19.

1.8
1.3

1.

19.2'
19.9
7

1.3
l.U

u

62

Irrigated {
0 1978 17.8 17.9 19.7 19.8 i

1979 18.1 L7.9 2 J.I 20.0

* Each average was calculated from 12 readings at 20 cm (2-8 in) deep
sampling locations totaling 2U readings.

Soil temperatures during the summers of 1°78 and 1979 were statistically
higher (P<.01) or. the landfill irrigated (19.3°C (66.7°F) ) and landfill
non-irrigated (19.U°C (66.9°F) ) plots than in the control (l3.2°C (6U.7°F)
but there were no other differences (Table 3M.

Soil moisture vas significantly lower than in the control plot (Table 35)
throughout both summers. Irrigating the landfill and control areaj signifi-
cantly increased soil ..:oisture compared to the non-irrigated areas during
1978, but not during 1979. The increase was similar for both the landfill
and control plots.

Soil nutrient levels in each of the four areas (Table 36) were similar
for most elements except that in the control irrigated plot the calcium was
considerably lower and the iron was much higher than in the other three
treatment areas. T.ie magnesium content in the control non-irrigated area
was also much higher than in the other three areas. 1
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TABLE 35. SOIL MOISTURE IN LANDFILL AND CONTROi, IRRIGATED
A1TO NON-IRP.IGATLD AREAS

LandfiL.

Area

Irrigated
Non-Irrigated
Mean

1978

7. la
8.3

1979

10. Ibc
9.3b

, 9.7

Control

1978

11. led
9.8b

10.5

1979

12. Od
11. led
11.5

* Soil moisture on a % dry weight basib. Each value was computed from 12'
moisture readings at 3 samples locations totaling '$C readings'.

+ Numbers followed by different letters ar*3 significantly different from
each other Q .l<.01.

TABLE 36. SOIL irUTRIOJT VAL'JES IN LANDFILL AirD CONTROL IRRIGATED AND NON-
IRRIGATED AREAS IN OCTOBER 1978

Landfill

titrate
Nitrogen

Asxioniun
Nitrogen

Fhocriiiorus
Potassium
Magnesium
Calcium
Boron
Copper
Manganese
Iron
Zinc
Texture

Irrigated

8

12

31
83
2b

13̂
0.63
6.5

30. C
ei.o
10.0

Candy Losxi
Loal".y Sand

Won- Irrigated

9

12

19
35
30

267
0.58
2.5

13.0
55.0
3.5

Sandy
Loari

Con

Irrigated

18

16

17
65
20
62

0.50
4.5

23.0
300.0

3.6
. Sandy
Loam

trol

Non-Irrigated

9

12

12
118

95
267

0.1+7
3.5

Mt.O
51.0 •
6.5

Sandy Loan/
Sandy Cla,> Loam

1

Values r.re the mean from 2 sanrples taken from each plot on one sampling
day in October 1978.



Tree Growth

Shoot growth of sugar inaplc'C on the control vr..- significantly greater
'than on the landfill plot during 19?3 and 1379'(Table 37). Growth vac reduced
on the non-irrigated areas of both plots, Lrir 'lifi'c-rcncc «as CLal^otical 1;~
significant. only on the landfill in 1979. respite the nonr.ignificar.ee during
197c, the average absolute reduction in choot growth ir. non-irrigated vs.
Irrigated areas on tr.e landfill1 clot was more than twice that on the control.

TABLE 57. MEAN SHOOT L-'irCTH CF S:JGAP MAI-Lr.G Hi
AND CONTROL IRP.IGATKD AND KG:)-IRRIGAT

Area

Irrigated
Non-

Irrigated

Landfill . Control

1973 1979 1~'7~ IV iV

10.2aA 20. la 12. 6b 2̂ .6e

-?.0a 15. kc 12. Ub -23. 2e

* Eavjh value was computed from r.£asurer:,-::i.t.~ on 30 trees.

-1- Thirty 2-year old seedling were originally planted ir -r-'-ch 7f ^" areas:
landfill and control irrigated ard non-irrigated area..

Values followed by different Icjtters ars significantly Different at K.01.

Sugar maples growing on the landfill plot produced significantly (F<.01)
fewer nodes and, therefore, fewer leaves/shoot t;-,ar. those on the control plot
(Table 3̂ ;. Irrigating did not significantly increase the number of leaves/
shoot on either plot.

TABL- 35. in^-SFR OF ::o:v-^ PER SHOOT on GUOAH VAFLL-S m
AND CJ::T;-OL IRRIGATED Airj liou-iRPiGATZE

Area

Irrigated
lion-Irrigated
Moan

Landfill
1973

3.22ab'
2.6'y?.

3.1
3.2

nlot

1979 '

3.31b
3.35b
3.3

Control plo
1973 1

3.32b ' 1+
3.-cb U
3 . k U

U.10+

o

979 .

.89c

.72c

.8

* Values followed by different letters are statistically different 3 K.01.

+ Significantly greater than landfill plot •? FK.Cc.



Average.' leaf dry wci ̂ .p.t sugar maples was significantly lc:;s (K.Cl^ in
tr.v ljj-..;iill riot than the control plot (Table 3j]. Ir. addition, irrigating
the landfill riot significantly increased loaf weight; whereas or. ti.r cor.trol,
:;o si^iiil'ic-.xrit dii'ferenct was shown between the irrigated and non-irrigated

TABLE 29. AVKRAOE L'KY WEIGHT OY CUGA? ^
A;.",; couTRor. IRRIGATED A:::. ::

PLE LFAV.iS IT! LANDFILL
o:-;-TR:--_GATr.: A^AC

Landfill

Irrigated
IJon- Irrigated
Mean

0.66b+

C.50a
0.53

O.cl

0.72b
0.55a

O.C3

0.83c
0.86c
0.8U

O.S5+

O.eCc
O.STC
c.36

Values \:ere average for 2 leaves/tree ?r~xr. 3C treer./plot treatr.ent/y-iar.

Valuej followed by different letters are significantly different fron each
ot::c-r i K.01.

oi£r.ifica:itly greater than landfill plou .J I'c..-.1.

1I

Jtor.atal -:er:i;tari-e

Diffusive resistance reading? were made on sugar rr.aple leaves in the
irrigated and non-irrigated landfill areas in order to evaluate the effect of
joil r.oisture content on stcinatal strategies of tree r. growing on landfills.
7.o r.i stance i..ea.:ured every hour during August If. 1/7- on maples graving on
the landfill ploc in the irrigated area and high ana low landfill gas non-
irrigated areas decreased significantly and similarly between 6:30 a.m. and
10:30 a.m. (rigure S\ By 11:30 a.m. leaf re.sistar.ee of trees in the high-
gas (south'1 non-irrigated area increased sharply to the 3:30 a.m. level and
,'luctuated around, this level for the remainder of the day. L'iffusive resis-
tance readings of leav?s in 'one low-gas (north/ r:or.-irrigated area tended to
hover close zo the 11:30 a.."!i. reading (except for £. peak, at 2:30 p.m.) until
the day"s ei.d when readings were close to the original early morning level.
fjrJ.ik.e readings for the aforementioned areas, readings in the low-gas irri-
gated, area 'rigure 8} continued to decrease until 12:30 p.m. when resistance
was lowest, then gradually increased through ^:30 p.m. after which resistance
increa?ed sharply. P.eacing.s for the high-gas (southN non-irrigated area were
significintly higher th^-n for the other two areas fror. 11:jO a.m. through
5:30 p.m. Only tvo poiits differed significantly betveen ]ow-gas irrigated
and low gas nor.-irrigated i.e. at 2:3,0 D.r;-. and •. : 30 p.m. (Figure 3).

Curing the period from August 9 through August 23, 1978, diffusive
resistance readings for sugar maple leaves were significantly increased on
the landfill plot compared to the control plot (Table 0̂). Resistance on the
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r.on-irrigated areas was significantly greater than the increase on the con- t
trol. . . *

TABLE l;0. DIFi 'UriVr; Rif.CIST/uiC^ PKADEiGE* FOH SUGAR :-'J\PLi: Oil .

AI-^A:; ••i-.o:; AUGUST v TI^CUGH A.uf,:.;-.:T 23, j.ytf-

.Area Landfill Control
cec/cni --

Irrigated 2.2a ?.2a
;,'on- Irrigated 2.7b + . 2.3*
Mean 2.̂ 5* • 2.25

'•endings are average of 2 readings/tree for 5 trees in each area. ."Headings
wore taken between 10-00 a.n:. and 12:00 a.m. each day.

-t- Values followed by different letter.; are significantly different \ 1-<.C5.

+ Significantly greater than control plot "j> r<.01.

Lffects of Scj.l. and Meterological Parameters on Stoniatal ?csistance

When air tej.-.perature ar.d relative humidity during August 18 were regress-
ed onto diffusive resistance reaclir.gr, for maples in the high-ga.: (south' r.on-
irrig^ted area (C0.p=7.8£, 02=15.8-"')» no effects' were statistically signifi-
cant even at the !"<. 50 level, to just.i fy a descriptiv- r:..;ltiple regression
~oi--l. :{ov:«.'vor, in the low-gas non-irrigated area (CI.̂ 2. i^, O^^lL.O1/) i'-'''
of the variability of diffusive resistance readings could be accounted for i:i
the :nodel:

C = CO. I - 13.1 Log (TJ. eq 1, R = l6"'

wliere:
D = F;iffusive Resistance
T = Air Tcr.pei-ature, °Y

'Log., = natural Logarithun

V.'hile this nodel did not account for rr:uch of the variability in diffus-
ive resistance readings, the model describing variability in readings for the
low-gas irrigated area (CG^-2.3\» 0_--17.9?):

D = 1271.0 - 21.3 (TA) + 0.1 (TA)
2 - 131.5 Log1Q (H) e«j 2 _

where:
D = Diffusive resistance
T = Air Temperature, 'T

R = % Relative Humidity

accounted for 711-/; of the variability.
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degression of the independent variables: :;oil gas, coil rnoistiL'e and
-etecrological data fron Aucu:;t 9 through August 23 onto diffusive resistance
of sugar rr.aple leaver WHS p'.rforrr.ea for the irriruted ana non- irrigated areas
on bo*h plots. . Variation of resistance reading.-: from Oay to day in both tnt.
control irrigated and r.on- irrigated areas wan correlated with chan̂ t-:; 'n
total wind movement 1'rcr. riay to day according to the model:;:

For control irrigated

:.• = 12. 222.3
wind

R =t3f., K.05

where:

i-or control non-irrigates

'- + 211.5 P2=53% :<
wind

L = Liffusive Resistance

V.'hen un-tr-uisforr.ed linear values of the independent variables ;--ere used
in the .regr-j.' \o.. on the lundfill plot, air temperature was positively cor-
rei'-.ted with resistance readings on the irrigated area (;\ =19.':), v;hereas,
o.yr-;n vas negatively correlated (P2=c?"/. .1 with readings on the non-irrigated
area wh-:i- the oxygen content varied significantly more than in all other

V.'hen reciprocal and quadratic effect;; were added to the regression,
resistance readings !'or maples on the lanril'ill plot were correlated with
r.ois,ure content ar-i oxygen:

For experimental irriga'iod

:. = 32.« *- o.y (:-:.c.)2 - 3.1 (x.c.)3/2 R2 = 6Û  K.03

e:rperimental non- irrigated

= -12. C + ». 1/0,. R =7?̂  K.01

v.'Siere:
D = diffusive Resistance
".". = Moisture Content
C = Oxygen concentration

69



.r.-;-ECT.; OF Tir-: SOIL L-TJVI.KI, •;;:•!:•:: M1 1:1 :;ix
Or AMERICA!; BA33WOOU

AREA::; ON ROOT Li.STf<iiJi,";i

In the clay/ vents trench where the 00?, Oj and C'lU concentrations aver-
aged 22. 8%., '4.3$ and 12. Oy respectively (Table 1;1'> throughout tiifj 1977 grow-
ing season, total root lei^Vn averages 2^1 cr.. Conversely, in ^he gravel,
plastic/vent^; trench, th_- . CO,? concentration averarc- i I.''?.; 0Q , 19.?'"; '"::> j
0.1^, ap.d total root length was 1;:?6 err,. Thr- cor con tnt ion of lanlfill Jra::
iCC'2 and CH, ; present in th •:• ;-;oil atmosphere:; wa:.-. r,v(-;.at ively corr'.-lat-'n
'r=0.i9 and -C.52 re- puJtively '' , wher-'.-a.: oxygen wac positively corr. 1'tt" i
(.i'=-*0. 72*' with total i-oot le:it

r,:.ii. Multipl-.- regrc-c. ion snaiysi., 01' totil root
I-T'. gtr pro'iur:-d the following t _;uat. ior. : Total root Length (cm) = jjliP.3 -

•liO.3 Cu, ••- 112. '•) 0, with an i\' = •;^rf.

TABLE Ul. ROOT Li-llGTH, AVT.'PA^E ATiD
GROV.T;I ;.MRLCTIGI: :LAJ.: r

L'-rJ!-: DEPTH, Al,rD JFJL./JEIICV OF R'j
'SOIL CARBO:;

DIOXIL., ,-TIU

u'ni-.odified
landfill

:-aro.-r.eter area

.otal root "
lenr.ih fcn>' 7S9b;^
•/=•»•••..-.- r'/ot
-l-_-pT'' <. C1T. '' 7. '-a

Mii/.irr.ur rooT

•;erth ', cr.i) 15. la
:'f tctal root

length which
grev; dovniwer": y.5

". Of total - ~ot
l-:r.-;'..h vhicr.
^ ~-\: t.p toward
.:oiJ. . • urftiCi.- Or. 7
Oi' total root

length which
j;rew parallel to
soil rurfacr: 23.^
' 02 18. 5 a

" Cj-t B.lb

^ Or{ O.y b

. « i . r\J i L1 '̂ /A 1 ' 3 .. . i ._ V.-; < '^ _.i < l .\

Trer.ch area

D ravel
O'Mr.odific-d plastic

control vents
area trench

2 20U c l-.7-'c

20. Sb 2^.^b

71. lb 51. 3b

l^c.d 51.6

3£.9 35.5

1̂ .3 12.9
19. 5a 19. Sa

l.Oa l.i*a

O.Ca C.la

AiIC^S

Clay
vents

trench

2̂  la

15. Ob

20. 3a

0.0

•-£.3

31.7
,i*.3b

22. 3c

12. Oc

IN EACH

Clay
trench

' 1922c

16. 3b

rO. 9b

32.U

' 59.5

6.1
17. 2c

5.3b

O.la

f\r :~ :\

Control
trench

17'"2c

16. 3c

51. 3b

53.0

Ul.7

5.3
19. 6a

1.2a

O.Oa

^ach value i.T the ::.-.an for two trees.
Each 'Value is tne rr.-_an of 12 readings at 30 c/i soil depth throughout
growing season. Concentrations art.1 in •/.• by volun.e.
Valuec followed by aiffcrent letters are significantly different at 7
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Average root depth in each area is presented in Table 41. F.oots in ths
unmodified landfill area had a significantly shallower depth than in'all
other areas. The maximum depth of roov penetration in the cl=.y/vents trencn
and unmodified landfill areas was a third of that in other areas. Results of
Chi-Square Analysis showed that there wa:; a significant relationship betvoen
distribution of root growth ar.d the six trench areaj (Table 4l). riu'.jaividing
the Ch:-Square Analysis r.hows that the distribution of roots in the root .
growth-direction classes in the unmodified landfill area and the clay/vents . J
trench, was significantly different from that in the remaining four ar^-ac. {
In these two areas, the CO and CH,. concentrations were cnnsirlfrably higher
in all other treatments.

The frequency distribution differences among areas were particularly
pronounced in the "percentage downwr.rd root growth" row of Table, hi where the
trees in the unmodified landfill and clay/ventc trench arear, Iccate 9.5 °-" Of.
of their roots, respectively, compared to 32.̂  or more for all other treat-
ments. There appear to be two treatment groups ir. the "perpentage upward
roof", growth'1 row: one jonsistin^ of unmodified landfill area, clay/vent^
trench, and clay trench where the soil COg content ranged from 5.8 to 22. c-'!;
and another consisting of unmodified control area, gravel/clastic/vent"
trench and control trench where the soil COp content ranged from 1.0 to l.ly;.
In the first group (high CC>2) 59.5$ or more of the roots grew toward th'_ soil
surface, whereas, fewer than 4l.7?s grew upward in the latter group (low CO }.

Chi-Square Analysis of root depth class versus treatment area indicated,
a dependency' between the frequency of roots in each depth class and the six
treat:;c-nt arc-as (Table k2). 'Jpon subdividing the analysis, the frequency
distribution in the unmodified landfill area and clay/vents ti-ench was found
to be different than in all other areas i.e. all roots were growing in the
top 23 cr. of soil in 'these two treatment areas. On the other nand, iri all
other areas, some roots penetrated at least to k6 cm below the soil surface.
The frequency distributions of roots in the gravel/plastic/ver.ts trench, clay
trench, control trench, and unmodified control areas were not significantly
different (K.05) from each other.

EFFF.CTG OF LAITDFILL SOIL ENVIRONMENT ON ROOT DISTRIBUTION OF FIVE WOODY
GT-ECIEo

Mean root depth and total root length (roots with diameter of 1 on cr
more) for five species on the landfill and control plots ure presented in
Table ^3- i-ieaii root depth for Japanese black pine, and hybrid poplar sapling
ar.d rooted cuttijigs, hone,y locust and green ash saplings was less on the
landfill plot, than on the control plot. Norway spruce was '.he only species
with a root system that was deeper on the landfill plot than on the control.
Root length for i.'orway spruce and Japanese black pine was also slightly
greater on the landfill than on' the control area. Foot length for the remain-
ing three species was less on the landfill than on the control (Table U3).

The percentage of roots at each soil depth is given in Figures 9 through
15 for the five species excavated for exven^ivt root study. In root depth
.classes of 10.1 cm or greater, the bar repiesents the average percentage for
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TABL1: U2. PERCENTAGE OF HOCT3 IH FACri ROOT-DEPTH CLASS FOR FACH TRi'.NCH AREA

Root-
depth
class

0- 8.0
> a. 0-15.0
-> :• 5. 0-23.0
> 23.0-30.0
> 30.0-38.0
> 38.0-)45.0
> 1+5.0-53.0
below 53.1

Unmodified
landfill
area

71. ̂a+
28.6
0.0
0.0
0.0
0.0
O.G
0.0

Unmodified
control
area

23. 3c
25."
20.7
2^.8
3.9
5.£"
5.5
0.0

Trench Area
Gravel
plastic
vents

trench
c'

25. 8c
22.5
C-.5
9.7
Z-2

12.9
]. .1
3.3

Clo.̂
vents

trench

O.Ob
35.3 ' .
tC-.7
O.C
c.o
0.0
0.0
0.0

Clay
t rc-nch

2U.3c
21.3
21. L

13.5
5.L
5.1;
5.1+
3.0

Control
trench

19. 2c
27.2
oh o

17.9
5.1+
2.7
2.7
0.0

Columns rfith t-.irrilar lettci-s have similar distribution i-y Chi-square analysis <.C5.



T,\BLE ROOT DKf'TH TOTAL ROOT LKNGTH FOR SKVI'i-AL SPL'Cll:̂  ON LANDFILL
CONTROL PLOTS

Landfill ac <£.

•J

Species

Japanese black pine
Norway sprue e
Hybrid poplar
(rooted cuttings)

Honey locuct
Green ash (saplings)
Hybrid poplar (saplings)

Landfill
bi.pt h
(cm)

7.8
5.1
6.3

8.3
9.3
8.5

Length
(tr.)

25.4
28.6
90.8

L-.9
M.9
35.9

Control
bepth
(err,)

9.3
1^.2

13.6

16.6

1U.7
. J2.8

Length
(m)

23.0
26.2
113.5

53.0
CA.3
97.5

of control
Depth
(cm)

83-9
121. U

**C.3

50.0
63.U
OL'.I

L.engLh
(m)

106. :̂-
109.2
oO.O

31.9
U7.6
36.8

* Each value is the mean of 2 ruplicatcc.

+ Species are arranged from nioct. to least tolerant of landfill cunditionr accoivling ,o 'i'atl,.
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Figure 26. Diagram of green ash seedling B root system in landfill plot
indicating root depth in inches at 30.5-cm (12-in) intervals.
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control plot.

TABLE U6. MEAN tfOOT DEPTi: ANT TOTAL ROOT LENGTH FOR HYBRID
POPLAR CUTTINGS ON LANDFILL AND CONTROL PLOTS

Average Total
Root depth . Root length

Location (cm) (m)

Landfill Plot*
Low-gas area 8.9 96.0
High-gas area 3.8 '85.6

Control Plot

Area A lU.5 120.1
Area B 12.7 107.0

* Carbon dioxide averaged 15.1$ at the 20 en (8 in) depth in the high-gas
area and 1.U$ at the 20 cm (8 in) depth in the lew-gas area from 1976
through. 1979.

+ Carbon dioxide averaged 1.1$ at the 20 cm (8 in) depth from 1976 through
1979.

Root systems of the four excavated green ash seedlings (2. years old
when planted) are diagrEJc.ed in Figures 25 through 28. Green ash seedling A
(Figure 25) on the land: ill plot was growing in an area where the carbon
dioxide averaged 5.2$, nethane averaged 1.9$ and oxygen, averaged 19.8$ during
1977, 1978 and 1979. The other excavated landfill tre^ (B) (Figure 26) was
growing in an area whcrs Uie carbon dioxide concentration averaged lU.7̂ ,
methane 6.1$ and oxygon 16.1$. Carbon dioxide averaged 1.1$, oxygen averaged
19.8$ and methane was n^ver detected in the control plot.

The roots of green ash B growing in the high-gas lanifill area were
concentrated near the soil surface (Tabla 1+7) and (Figure 29C), whereas roots
of ash A growing in a low-gas landfill' are--.. (Figure r*5B) penetrated to
slightly deeper depths (Table 1+7). On the other hand, few roots on control
trees '-ere found in the top 10.1 cm (k in).

A closa-up photograph of the lower portion of the ash root system in the
low-gas landfill area (Figure 30B) depicts an abundance of shorr roots at
about the 20-cm (8-in) depth. The soil immediately below this short root
zone was darker than the surrounding soil and was giving off a septic odor.
No odor was detected in the soil above this point. Short root formation was
not as noticeable on the ash growing in the high-gas area on the landfill
(Figure 30A).

Root depth and length values for ash growing in both the high ard low
landfill gas areas were approximately half the values of the control (Table
U8). There was little difference in depth and length between the ,two tress



Figure Close-up of hybrid poplar cutting
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Figure 23. Root system of hybrid poplar cuttings on control plot.



Figure 22. Root system of hybrid poplar cutting in low-gas landfill
area.



Figure 21. Surface roots of hybrid poplar in high-gas area on landfill
plot.
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TABLE 1*5. PERCENTAGE OF ROOTS OF HYBRID POPLAR CUTTINGS IN
EACH' ROOT-DEPT'l CLASS IN HIGH AND LOW GAS AREAS

Landfill

Root depth

0- 1.3
1.3- 3.1
5.1-10.1
l-j.1-25.1*
25. k- 38. 1
38.1-50.8

50.8

;iigh gas
Area B

3̂ .9a+

»»3.5
16.8
k.7
0
c
0 '

Lav; gas
Area A

_ .. rf
A"

3.8b
67.6

.12.9
11.3
1.6
2.0
0.9

Control

Area A

Oc
18. U
15.8
U5.1
7.9
u.o
0.3

Area B

l.Uc
, 36.1

20.2
27.5
6.9
2.1
l.U

* See Table kk for gas concentrations.

+ Columns with similar letters have similar root distributions at P<.01 by
Chi-Square Analysis.

The arrow in Figure 21 A points to a surface root approximately k m
(13 ft) long growing from the poplar in the high-gas area. This root orig-
inated at the 5 cm (2 in) depth and grew upward to the 2.5-cm (1 in) depth
within 60 cm (2^ in) of the stump and continued- to elongate at this depth for
approximately 3.5 m (H. 5 ft). The extent of root development in the top
several cm of soil in the nigh-gas area is exhibited in Figure 2LB. Few
roots in the top several cm of soil produced a sinker root; when a root.
reached the top several cm of soil, it generally remained at that depth and
rarely branched to produce .a root which giew toward the refuse.

The roots of the poplar cutting in the low-gas landfill area which pene-
trated to the Uo-cm (l6-in) depth (Table i^) are identified with arrows in
Figure 22. Several other roots penetrating to soil depths greater than 50 cm
(20 in) are not shown in this photograph, but are represented dia?rammati-
cally in Figure 16.

Roots of the two liybrid poplar (cuttings) trees in the control plot were
more evenly distributed in the soil than those in the landfill plot; they
were not as concentrated in the top soix layers as those in the, landfill plot
(Table kk). Figure 23 illustrates the. root distribution around a liybrid
poplar cutting on the control plot. The arrow in Figure 23 points to a root
which is enlarged and marked with a large dot in Figure 2k. The roots pic-
tured here have grown from the soil surface straight down to approximately
50 cm (16 in). (The scale of the ruler in the photograph (Figure 2k) is in
inches. ) Several of .these roots (arrows) have becou,̂  grafted to each other.

Average poplar root depth in the bigh-gas area (Table k6) was consider-
ably shallower (3.8 en, 1.5 i«.) than in the low-gas area (8.9 cm, 3.5 in) and
both these areas had much shallower roots (significant @ P<.01) than the
control plot. Total root length in the landfill plot war- less than in the
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Figure 20. Root system of hybrid poplar cuttings in high gas landfill
area.
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Figure 19. (continued)
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Figure 19. Diagram of hybrid poplar cutting B root system in control plot
indicating root depth in inches at 30.5-cm (12-in) intervals.

(continued)
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Figure 18. Diagram of hybrid poplar cutting A root system in control plot indicating root depth
in inches at 30.5-cin (12-in) intervale.
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Figure 17. Diagram of hybrid poplar cutting B (high-gas) root system in landfill plot indicating
roo\. depth in inches at 30.5-cra (12-in) intervals.
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Figure 16. Diagram of hybrid poplar cutting A (low-gas) root system in landfill plot indicating
root depth (in inches) at 30.5-cm (12-in) interval*
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TABLE UU. NUMBER OF 30.5 cm (12 IN) HYBRID POPLAR (ROOTED CUTTINGS) ROOT
SECTIONS AND PERCENTAGE OF TOTAL ROOT LENGTH AT EACH SOIL DEPTH;
TOTAL ROOT LENGTH MEAN ROOT DEPTH- AND MAXIMUM ROOT DEPTH; CO ,
CH, AND 0? CONCENTRATIONS AT THE 20 on DEPTH ON LANDFILL AND

CONTROL PLOTS-

Landfill

Tree A ,lcw.
# of vgas'

Soil depth root
in cm sections $

0.5 1.3
1 2.5
2 5.1
3 7.6
U 10.3
5 12.7
6 15.2
7 17.8
8 20.3
9 '22.8
10 25. U
11 27.9
12 30. 5
13 33.0
lU 35.6
15 38.1
16 Uo.6
17 U3.2
18 U5.7
19 U8.3
20 50.8
21 53.3
22 55.9
23 58. U

Total leigth
(o)

Mean depth
(cm)

Maximum
depth (cm)
CO
CH?

°2

12
92
120
11
6
U
13
0
10
5
U
0
U
0
1 '
0
•3
0
2
0
1
1
1
I1

96.0

8.9

58. U

l.U
trace
19.6

3.8a+

29.9
37.7
li.O
1.9
1.3
U.l
0
3.1
1.5
1.3
0

• 1.3
0
0.3
0
1.0

• o
0.7
0
0.3
0.3
0.3
0.3

Tree B /high,
# of vgas '
root

sections •£

98
82
uo
29
18
U
6
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0

85.6

3.8

25. U

18.1
5.0
15.8

3U.9b
29.2
1U.3
10.3
6.5
l.U
2.1
0.3
0.3
0.3
•0.3
0
0
0
0
0
0
0
0
0
0
0
0
0

Control

Tree A
ff of •
root

sections

'0
56
50
22
UO
U9
55
29
19
11
15
lU
7
3
7
0 '
U
U
3

• 2
3
1
0
0

120.1

1U.5

53.3

1.2
0.0
19. U

Oc
12.7
5.7
5.7
10.1
12. U
13.9
7.U
U.8
2.3
3.8
3,5
1.8

' 0.8
1.8
0
1.0
1.0.
0.7
0.5
0.8
0.3
0
0

Tree 3
# of
root

sections

5 '
69
58
32
39 .
37
39
7
9
8
8
2
9
8
5
0
6
0
3
0
2
0
0
5

107.0

12.7

58. U

1.2
0.0
19.3

%

l.Uc
19.6
16.5
9.1
11.1
10.5
11.1
2.0
2.6

. 2.3
2.3
0.6
2.6
2.3
l.U
0
1.7
0
0.8
0
0.6
0
0
l.U

Columns with similar letters have a similar root distribution by Chi-
Square Analysis at P<.01.
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five-2.51* en intervals; e.g. in order to calculate the total percentage of
roots in the >'<̂ .̂  cm class, multiply the bar value times five. All but one
of the five species (i.e. Norway spruce) produced proportionally more roots
in the upper soil layers on the landfill plot than en the control. Norway —̂

spruce on the other hand, produced approximately ?8% of its root system in
the top 2.5 cm of the soil; whereas, only kk<% were growing at this depth in
the landfill plot. More roots penetrated the deeper soil layers, in the
control area than in the landfill urea..

The rvuiiber and percentage of hybrid poplar roots at each soil depth are
presented in Table ^. One of the landfill trees (Tree B, Figure 16) was
located in a high-gas area where the carbon dioxide concentration during 1977,
1978 and 1979 averaged 18.1$, methane averaged 5% ?\nd oxygen averaged 15.8̂ .
The other hybrid poplar on the landfill (Figure 17) was growing in a low-gas
area where the carbon dioxide (1.1$), methane (trace) and oxygen (19. 6%)
concentrations were similar to concentrations around trees (Figures 18-19 ̂  in
the control plot.

Root distribution of hybrid poplar cuttings in the high-gas area was
significantly different from that in the low-gas landfill and control areas
(Table U5). . Thirty-five percent of the roots in the high-gas area were in
the top 1.3 cm (0.5 in) of soil, whereas, only 3-8$ were growing at this
depth in the low-gas area. Less than 1.5% of the roots of tr<-. hybrid poplar
in the control area were found at the 1.3 cm (0.5 in) depth. No roots were
found below 25. ̂  cm (10 in) in the high-gas landfill area; whereas, U.5% of
the roots in the low-gas landfill area and more th?.n 10% 6f the roots in the
control area were found below this depth.

The black arrows in Figure lc indicate several roots which extended into
the deeper soil layers 58 cm (23 in) in the low-gas landfill area. These j
roots were generally closer to the trunk than were the shallower roots. None
of the roots growing in the high-yas landfill (Figure 17) area extended below (
the l8-cm (7- in) depth. The arrow in Figure 17 indicates one root which "" ,
started to grow down toward the refuse but died when it reached the l8-cm •
(7- in) depth. The soil at this depth vas very dark in color and had a septic
odor. A hole was dug at this location in order to measure the cover soil ;

depth. Only 10-cm (U-in) of soil was found between' the dead root tip and the
refuse layer. Apparently, no more than 28-cm (11-in) of cover soil had been
placed at this location. There was an abundance of shallow roots growing
from this tree (Figure1 17). Shallow roots appeared infrequently on the two
poplar trees on the control plot (Tigure 18 and 19), whereas, deeper roots
were prevalent v^lack arrows in Figures 18 and 19 A and B).

The photograph in Figure 20 is of the exposed root system of the poplar
tree growing in the high-gas landfill area. The large root toward the bottcm
of the photograph with the black dot in the center was the deepest living ;
root on this tree. It penetrated the soil to the 15-cm (6- in) depth and then
grew upward to the soil surface where it branched, producing many shallow
roots. The majority of the other roots in this photograph also grew toward •
the soil surface. Thesp roots grew from approximately the 10-cm (U-in) soil '
depth to the top 2.5 cm (1 in) of the soil surface. ,
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Figure 15. Vertical root distribution of small green ash in landfill
and control plots. Each value is the mean for two trees.
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Figure Ul. niagrasi of hybrid poplar sapling A root system on the landfill
low-gas plot indicating root depth at 30.5-cm (12-in) intervals.
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Figure ko.
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Figure 39. Root system of hybrid poplar sapling on landfill plot.
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Figure 38. Hybrid poplar trees on landfill (A) and control (B)



The roots of two hybrid poplar caplings were excavated on the landfill
plot; one (tree B) was i^ a high-gas area where the CC>2 concentration at the
20-cm (G-in) soil depth auring the years 1^77, 1978 and 1979 averaged 7.<£.',
CHl^ averaged 1.8$; and 03 averaged 17.1/j. The other landfill tree (A) was in
a low-gas area (CO =1.2$, 0̂ =0.(X,; 02=19.1%) (Table 50). Two poplar sapling-;
were also excavatea on the control plot (Table 50). The concentrations ci'
COp, CHlt and 02 on the control were 1.2$, O.O% and 19.lv!>, respectively, ihe
poplar in the high-gas area, which flied by September 1979, (Figure 38A), had
made poor growth compared to the control poplars (Figure 33B) during each of
the four ycarc it rer.ained alive. Mnny poplar roots a.~, the ba^e of this ,
landfill tree (B) had died before root excavation operations began. The four
roots which remained alive (arrows, Figure 39) originated from tne stump at
the 15-cm (6-in) depth or greater and grew toward the soil surface. The er.ds
of each of these four roots w?re located i:i the top 2.5-cro (1-in) of soil
(Figure Uo). Most of the regaining roots in Figure 39 were dead at the time
of excavation.

Most poplar roots in the low-gas area also grew toward the soil surface
(Figure Ul). £n exejnple of one root growi.ig straight up toward the joil
surface is indicated by the arrows in Figures Ul and 1*2. This root origi-
nated (arrow at top of picture) from ^he root stock at th° 30-cm (12-in)
depth and grew straight upward ('arrow at middle of upward riser) to the two
in (5 cm) soil depth.

Roots of excavated control poplar tret-s did not tend to grow toward the
soil surface as did roots on the lanilfill areas as evidenced by the root
depth values in Figures U3 and U4. leep roots which were scarce in the
landfill area were not uncommon in the control pie*. The roots of a control
poplar (Tree A) at the base of the rule i-i Figure "5 are appi o;:i_™.atelv 25 cm
(10 in) deep. ' Mean root depth for both the lar.dfill tree? was less than that
in the control area (Table 50). Total z'oot length for poplar in the high-gas
landfill area was less than half of thf.t in the low-fias area and poplars in
both landfill areas produced less total root length than both poplars in the
control area.

Carbon dioxide concentrations in the vicinity of two honey locust trees
which were latpr excavated, averaged 5.5'* at the 20-cm (8-in) depth during
1977, 1973 and 1979; Ch% and 02 in the soil substrate of honey locust in the
control plot were 1.1$, 0.0%, and l8.9$>, respectively.

The majority of roots on both landfill trees were found in the top 5-cm
(2-in) of soil (Table 51, Figures ^6 and U"). Many roots reached coward the
soil surface as they grew away from the trunk. The arrows in Figure ^7- cjid
^8 point to a 3-6 m long root extending away from the trunk shown in the
foreground. Il̂ .r root originated at the f>-cm (2-in) depth on the root stock
and grew at thi." level throughout it's entire length.

Tr-e root systems of the two excavated control honey locust trees
(Table 51') vere approximately twice as deep and mure thin twice as long as
the tree.; on the landfill. The roots of control trees were fairly evenly
distributed throughout the soil depths; however, locust roots on the .landfill
were concentrated near the surface. Roots on the control trees did not rise
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TABLE 1+9.. NUMBER OF 30. 5-cm (12- IN) LARGE GREEN ASH (SAPLINGS) ROOT
SECTIONS AND PERCENTAGE OF TOTAL. ROOT LENGTH AT EACH SOIL DEPTH;
TOTAL ROOT LENGTH, MEAN ROOT DEPTH AND MAXIMUM ROOT DEPTH; C0

02 CONCENTRATIONS ON LANDFILL AND CONTROL PLOTS
2,'

Landf ill

Tree A
#-of

Soil depth root
in cm section

1 2.5
2 5.1
3 7.6
1+ 10.1
5 12.7
6 15.2
7 17.8
8 20.3
9 22.8

10 25.U
11 27.9
12 30. 5
13 33.0
11+ 35.6
15 38.1
16 Uo.6

Total length
(m)

Mean depth
(cm)

Maximum depth
(cm)

co2

°2
CHU

29'
50
11+
15
10
11+
10
19
6

12 .
6
5
0
0
0
0

57.9

H..9

30.5

3.9
18.3
1.3-

/low\
-\gas-' —

o %

15. 3**
26.1

7.U-
7.9
5.3
7. 4
5.3

10.0
3.2
6.3 .
3.2
2.6

0
0
0
0

Tree B

root
section

1+Q
3l+
10
0
2
1
0
o.
0
1
0
0
1
1+
3
0

32.0

6.6

38.1

13.1
12.3

7.3

(high)
gas '

« O*

1+6. 7b
32.2 '
9.5

0
1.9
1.0

0
o •
0

1.0
.0
0

1.0
3.8
2.9

0

Tree

Control

A

# of
root

sections %

38
1+9
30
37
19
25
19
9

10
26
7

28
1+

13
1
2

96.6

H+.7
.

1+0.6

1.2

DQ.8

0.0

12a
15.5
9.5

U.7
6.0
7.9'
6.0
2.3
3.2
8.2
2.2
8.8
1.3
U.I
0.3
0.6

Tree B
# of
root

sections

36
38
1+5
27
26
17
11

' 10
22
11
28
18
7
6
0
0

92.0

1U.7

35.6

1.1
19.6
0.0

%
11. 9a
12.6
1U.9
8.9
8.6
5.6
3.6
3.3
7.3
3.6
9.3
6.0
2.3-
2.0

0
0

Columns with similar letters have a sim:.lar root distribution by Chi-
Square analysis at P<.Cl.
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Figure 37. Root system of g-'ten ash sapling A .on control plo*.
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Figure 36
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Figure 3<S. Diagrtsi of green ash sapling A root system on the control
plot indicating root depth at 30.5-cm (12-in'l intervals.

(continued)
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Figure 35. Diagram of green ash sapling B root system on high-6as land-
fill plot indicating root depth at 30.5-on (12-in) intervals.
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Figure 3U. Root system of green ash sapling B on high-gas landfill plot.
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Figure 33. Root systec of green ash sapling B on low-gas landfill plot.
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Figure 32. Diagram of large grren ash sapling A rent system on landfill
indicating root depth at 30.5-cm (12-in) intervals.
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Figure 31. Root sys-em of green ash seedling A on the control plot.
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on the control plot. Ash seedlings on the control area did not forni -,he
matted short-root zone found on the landfill trees. Several control tree
roots, like the one shown in Figure 31 (arrow), grew almost straight down.
This was not found on the landfill trees.

TABLE U8. MEAN ROOT DEPTH AND TOTAL ROOT LENGTH FOR SMALL
GREEN ASH IN HIGH GAS MID LOW GAS AREAS ON LANDFILL

PLOT AND IN TOO AREAS ON CONTROL PLOT

Mean Total
Root depth Root length

Location (or.) (m)

Landfill*
Low gas area A 9.6 9.1
High gas area B 7.6 f.C

Control
Area A 22.6 21.3
Area B 19.8 15.8

* Carbon dioxide in the high-gas area averaged lU.7$ at the 20 cm (8 in)
depth and in the low gas area 5,2$ at the 20 cm (8 inx depth from 1978
through 1979.

+ Carbon dioxide averaged 1.1$ at the 20 cm (8 in) depth from 1978 through
1979.

The root systems of four large green ash saplings, two on the landfill
and two on the control plot were excavated. The number of roots at each soil
depth is given in Table 1*9. Tree A (diagrammed in Figure 32) growing in a
low-gas area where the C02 concentrations during 1977, 1978 and 1979 averagad
3.9$, CH1+ averaged 1.3$ and 02 averaged 18.3$ produced a mat of short roots
at the 25-cm (10-in) depth illustrated in Figures 33A and P. Immediately
belov the root mat was a dark soil layer which had tae odor of decomposing
refuse (arrows, Figure 33B). A leas-dense mat-like formation was found on
ash sapling B (Figure ?!•) in the high-gas landfill area (C0a=13.1$, CFU=7.3%,
02=12.3%); however, a. large portion of -ohe roots (1+6.7$) was'found in the top
2.5 cm (1 in) of soil (arrows, Figure $h and Figure 35). The large diameter
roots in the center of Mgure 31* were present when the tree was planted in
1976, so they were not included in any data analysis.

Control ash root systems were very well developed (Figures 36A and B
and 37). The roots of control ash were more e/tnly distributed depthwise in
the soil than those of tree A and tree B in the low-and high-gas landfill
areas (Table 1*9). Mean root depth (6.6 cm) (Table 1*9) was shallower and
total root length (32.0 m) lower in tree B in the high-gas area than in tree
A in the low-gas landfill area and both were reduced compared to the control
(Table 1+9).
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Figure 30. Close-up photographs of root systems of green ash seedlings
on landfill high gas (A) and landfill low-g£3 (B) plrts.
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Figure 29. Root systems of green ash seedlings on control (A), low-
gas (B), and high-gas (c) landfill plots.
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TABLE 1*7. NUMBER OF 30.S-cm (12-IN) GREEN ASH (SMALL TREES) ROOT SECTIONS
AND PERCENTAGE OF TOTAL ROOT LENGTH AT EACH SOIL DEPTH; TOTAL
ROOT LENGTH, MEAN ROOT DEPTH AND MAXIMUM ROOT DEPTH; CO , CH,

AND 0 CONCENTRATION ON LANDFILL ATID CONTROL PLOTS

Landfill

Tree A (low)

Soil depth fogf
in era sections %

1 2.5
2 5.1
3 7.6
U 10.1
5 12.7
6 15.2
7 17.8
8 20.3
9 22.8
10 25. U
11 27.9
12 30. 5
15 33.0
1U 35.6
15 38.1
15 Uo.6
17 U3.2

Total length
Or.)

Mean depth
(cm)

Maximum
depth (cm)
co2
c\

°2

5
3
5
6
5
l*
1
1
0
0
0
0
0
0
0
0
0

9.1

9.6

20.3

5.2

1.9

17.8

l6.7b+

10.0
16.7
20.0
16.7
20.0
16.7
13.1
3.1*
3.U
0
0
0
0
0
0
0

Tree B

# ofroot
section

5
7
5
1+
1
1
2
0
0 •
0
0
0
0
0
0
0
0

7.6

7.6

17.8

1U.7

16.1

6.1

(high)

s %

20. Oc
28.0
20.0
16.0
U.G
u.o •
8.0
0
0
0
0
o
0
0
0
0
0

Control

Tree A

£ of
root

sections

6 '

^5
1
5
U
5
3
0
10
8
8
U
U
3

. 2
J.

21.3

22.6

U3.2

1.1

C.O

19.8

Tree B

# of
root

$ sections %

8.8a
l.U
7.1
l.U
7.1
5.7
7.1
U.3
0

1U.U
11. U
11. U
5.7
5.7
U.3
2.3
l.U.

6
6
3
1
0
3
7
9
12
3
1
5
o.
0
0
1
1
15.8

19.8

U3.2

1.1

0.0

19.8

Oa
11.5
5. -
1.9
0
5.8
13.6
17.3
23.0
5.8
1.9
9.6
0
0
0

1.9
•1.9

Columns with different letters have statistically different distribution
by Chi-Square Analysis at K.01.
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Figure 28. Diagram of green ash seedling B rooo system on control plot
indicating root depth at 30.5-cm (12-in) intervals.



Figure 27. Diagram of green ash seedling A root system in control plot
indicating root depth in inches at 30.5-cm (12-in) intervals.
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Figure U2. Root system of hybrid poplar sapling A on landfill low-cas
plot.



Figure 1*3. Diagram of hybrid poplar ne.pling A roots system on control plot indicating root depth
at 30.>-cm (12-in) intervale.
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. Diagram of hybrid popiT.tr sapling B root r,yr.'-.'.-m an control plot indicating
root depth at 3*X 5-cm (IP-in) intervals.



Figure 1+5. Root system of hybrid poplar sapling A on control plot.
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TABLE 50. NUMBER OF 30.5-c.Ji (13-IN) HYBRID POPLAE (SAPLINGS) ROOT SECTIONS
AND PERCENTAGE OF TOTAL ROOT L",:GTrf AT EACH SOIL DEPTH, TOTAL
ROOT LENGTH, MEAN ROOT DEPTH AND MAXE-JUM ROOT DEPTH; COg, CH,

AND 0 CONCENTRATION" 0:.r LANDFILL AMD CCNTHOL P^OTS

Landfill

Tree A
# of

Scil depth root
in cm section

0.5 1.3
1 2.5
2 5.1
3 7.6
Ji 10.1
5 12.7
6 15.2
7 27.9
8 20.3
9 22.8
10 25. ̂
11 27.9
12 30.5
13 33.0
I1* 35.6
15 38.1
ID Uo.6
17 3̂.2
18 U5.7
19 8̂.3
20 50.8
21 53.3
Total length

Mean depth
(cm)

Maximum deoth
(cm)

C°2

°2

CH^

11
Uo
39
24

12
10
q
13
9
2
1
0
0
1
0
1
0
0
1
0
0
0

52.7

8.1*

U5.7

1.2

19.1

0.0

(gaP

S fo

6.l4D+

23.1
22.5
13.;
6.9
5.8
5.2
7.5
5.2
1.1 .
0.6
0
0
0.6
0
o.G
•o
0
0.6
0
0
0

Tree B
£ of
root

section

0
13
20
10
2
1
5
7
1*
1
0
0

' 0
0
0
0
.0
0
0
0
0
0

19.2

8.6

22.8

7.9
17.1

1.8

(high)
gas '

Oc
20.o
31.7
15.9
3.2.
1.6
7.9
11.1
6.U

• 1.6
0
0
0
0
0
0
0
0
0
0
0
0

Tree

Control

A Tree B
£ of . i> of
root root

sections * sections ^

5
^2
68
55
27
27
32

• 32
1*U
30
1U
6
0
0
3
3
1
0
2
2
1
2

121.0

12.5

53.3

1.2

19.1
0.0

1.3a
10.6
17.1
13.8
6.8
6.8
8.1
8.1
11.1
7.6
3.7
1.5
0
0.2
0.7
0.7
0.2
0
0.5
0.5
0.2
0.5

0
UU
30
27
23
26
27 '
25
18
5
6
3
1
2
2
2
1
0
1
0
0
0

7U. 0

13.2

1*5.7

1.2

19.1
0.0

Oa
18.2
12.3
11.1
9.5
10.7
•11.1
10.3
7. 1-
2. ].
2.5
1.2
0.1*
C,8
0.8
0.3
o.u
0
O.U
0
0
0

Columns with similar letters have similar root distributions at P<.01 by
Chi-Square /\nalyiis.
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TABLE 51. NUMBER OF 30.5-cm (12-IN) HOIILY LOCUST ROOT SECTIONS AND
PERCENTAGE TOTAL ROOT L'-liGTH AT EACH "OIL Dl-.FTH; TOTAL ROOT
LENGTH, MEAT ROOT DF.PTH AI.T MAXU-OJM TOOT DEPTH; CO , CH,

AND 0 CONCENTRATIONS ON LANDFILL ANL> CONTROL PLOTS

Landfill

Tree A

Soil
in

1
2
3
I*
5
6
7
8
9
10
11
12
13
1U

Total
(n)

Mean

depth
cm

2.5
5.1 '
7.6
10.1
12.7
15.2
17.8
20.3
22.8
25.̂
27.9
30.5
33.0
>33.0
length

depth

ff Of

.•oots

3
2k
h

. ^

3
1
0
2
1
1
0
0
0
0

13.7

8.9

*
6.7a+

53.3
8.9
13.̂
6.7
2.2
0
u.u
2.2
2.2
0
0
0
0

Tree B

A of
roots

2
UO
11
5
0
0
5
1
1
0
0
1 •
0
0

20.1

7.6

' 1, '

3.0a
60. £
16.7
7.6
Q
0
7.6
1.5
1.5
0
0
1.5
0
0

Tree

A of
roots

0
29
16
7
6
11
18
33
5

•16
19
G

6
i
5U.2

17.5

Control

A

£

Ob
16.
9.
3.
3.
6.
10.
21.
U.
9.
10.
5.
0
0.

Tree B

3
1
9
U
2
1
3
5
1
7
1

6

A' of
roots

0
33
9
9
33
17
9
17
lU
12
5
6
•3
2

51.8

15.7

«*
Ob
19.
5.
5.
19.
10.
5.
10.
.6-
7.
2.
3.
1.
1.

L
3
•3

U

0
3
6
2
1
9
5
d
2

(cm)
Maximum depth .25.U. 20.5 35.6 U8.2

( crn '/
co2

°2
CH^

5.1
16.1

1.6

5.9

' 17.5

1.8

0.9
18.7
0.0

1.3
. 19.1

0.0

Colurjis with similar letters have similar root distributions -it P<.01 by
Chi-Square Analysis.
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Figxire U6. Diagram of honey locust tree B root system on landfill plot
indicating root depth at 30.5-cm (12-in) intervals.
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Figure 1+7. Diagram of honey locust tree A root system on landfill plot
indicating root depth at 30-5-cm (12-in) intervals.



Figure U8. Root system of honey locust tree A on landfill plot.
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toward the soil .surface as they grew o.vay from the trunk (Figures ^9 and SO),
Several roots su<:h as those indicated with arrows in Figure 51B, grew away
from the soil surface, however; control locu.it rcots generally renained ;it
the same soil depth throughout their entire length (Figure 51B) Many roots
we^j found at depths between 10 cm (U in) and 25 cm (10 :ln) (Figure 51A).
The arrow above the hand shovel shows the approximate location of the coil
surface. Tnc root at the tip of the shovel was approximately £5 cm (10 in)
deep.

Two Japanese black pine trees were excavated on the landfill and control
p3ots. Carbon dicxidE (5.6$) and methane (1,1$) concentrations were higher
and oxygen (1&.3&) concentrations lower on the landfill than on the control
plot (CO2=1.2£, CHU=O.Oy., 02=19.6) (Tatle 52). Root distribution on the
landfill plot (Figures 52 and 53) was statistically similar to that in the
control ploT. (Figures 51* and 55). Total root length and mean root depth
valuej on the landfill vere similar to those on < lie control'(Table 52).
Maximum root depth was slightly greater on the control than on the landfill
plot.

Two Norway spruce trees were excavated on the landfill and control plots.
Carbon dioxide (U.7̂ ) and methane (.C.6%; concentrations were higher .and
.oxygen concentrations were lower (iS.î t) on the landfill than on the control
(CC2=1.2%i CĤ O.Ô , 02=19.8$) (Table 53). Roots of Tlcrway sprace tree A
were concentrated very close to .the soil surface (Table 53); whereas, roots
from tree B were growing in deeper soil layers. The same pattern was ob-
served on the control plot, where one tree A produced a very shallow root
system, whereas, the other tree E had many roots ir. deeper soil layers.'
Roots on both l̂ot.r- grew very straight and rarely branched (Figures ^6, r;7,
5&5 59). Figure 60 illustrates the -shallow root system of the Norway spruce
on the landfill plot and Figure 6l demonstrates the shallow roots on the
control.
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Figu.<"e 50. Diagram of honey locust tree B root system on control plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.
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TABLE 52. NUMBtR OF 30.5-cm (12-IN) JAPANESE BLACK PINE ROOT SECTIONS
AND PERCENTAGE OF TOTAL ROOT LENGTH AT :-'ACH SOIL DEPTH, TOTAL
ROOT LENGTH,-MEAN ROOT DEPTH AIfD MAXIM"-1: ROOT DEPTH; CO , CH

AND 0 CONCENTRATIONS ON LAIfDHLL AND CONTROL PLOTS

Landfill

Tree A

.;oil depth
in era

1 2.5
2 5.1
3 7.6
1* 10.1
5 12.7
6 15.2
7 17.8
8 20.3
9 22.8
10 25. ̂

Total length

U)
Mean depth

(en)
J-.aximun depth

(cm)
co2

°2
CH,

a of
roots

0
39
13
7
U
k
1
1
0
0

rf

Oa+

56.5
18.8
10.1
5.3
5.8
1.5
1.5
0
0

21.0

7.6

20.3

5.1 '

18.9
l.l*

Tree B

# of
rooi,s

'0
U3 '
17
16
9
5
2

• 0
0
0

1.

Oa
1*6.7
18.5
17. L

9.e .
5.1*
2.2
0
0
0

28.0

8.1

17.8

6.2

17.3

0.9

Tree

# of
roots

0
?U
21 '
8
k •
7
k
f-'

C.

2

Control

/. Tree E

%

Oa
30. U
26.6
10.0
5.1
8.9
5.1
8.9
2.5
2.5

21*. 1

10.1*

25.̂

1.2.

19.8

0.0

# of
roots

2
28
25
c
1*
2
2
1
2
0

I

2.3a
38.9
3̂ .6
8.3
5.6
2.8
2.8
1.1+
2.3
0

21.9

8.1

22.8

1.2

19.8

0.0

Coluuin.3 with similar letters have similar root distributions at P<. 01 by
Chi-Square 'Analysis.
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Figure 52. Diagram of Japanese black pine tree A root system on landfill plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.
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Figure 53. Diagram of Japanese black pine tree 8 root system on landfill plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.
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Figure 51*. Diagram of Japanese black pine tree A root system on control plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.

133

I
\



Figure -;>5. I:iagrair. of Japanese black pine tree B root system on control plot
indicating root depth (in inches) at 20-5-csi (12-in) intervals.



53. iruMBF.R OF 30.5-0-:; (12-11-1) KOFWAY r; •:•':':.-. F.C-T r/CTi::;;: A:;:
i-£HCEr!TAGE 01- T^TAL ROOT Lt::3T:I AT LA.:1.: oOIl D . - T H : TOTAL
ROOT LENGTH, .'•'.:'Ai; SOOT I'ErTH Airj VAXr-lT-: ;-'OOT D;- :TL ; ; CO

Lar.df'i.

Trre A

"oil
in

r

1
2
3
t
5
6
7

otal
(m)

Mean
(en

d-:p

cr.

2
5
7
10
12
15
17

le

tr.

.5

.1

. c

.1

.7

.2
X

ngth

£ o:'
root.i

99
IS
2 •
0
0
0
0

deoth
^

Max ijr.ur.

v_

°2

depth

°2

^
H'4

r-

63.2a+

15.1
C.7
0
0
0
0

36.3

3.0 .

7.6-

U.2

15.1

1.1

Ll Control

Tree 3

F of
roots

,

25
25
12
3 '
0
0

,ff

3̂6.
36.
17.
U.
0
0

21.

7.

12.

5.
IS.

0.

3c
8
2
1*
3

0

1

7

0
<"7
1

2

Tree A

r o:"
rOOt£ ;'.

^2 3i: . Oa
12 11.2
3 2.8
0 C
0 0
0 0
0 0

32.6

3.0

7.6

l.l
19.6

0.0

Tre'- 3

- of
root G ''..

19 29.
2^ 36 .
li, 21.
^ y.
1 1.
0 C
l l.

19.

5.

17.

1.

19.
->
<- •

2b
0

5
2
•".

'-
£

L

O

2

5

0

+ Columns with sinilar letters have similar root distributions at FK.01 by
Chi-Square .Analysis.
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Figure 56. Diagran of Norway spruce tree A root system or. landfill plot
indicating root depth (in inches) at 30.5-cm (12-in) intervals.
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rigure 57'. ^iagrair. of 'lorway spruce tree B root system on landfill plot
indicating root depth' (in inches) at 30.5-cm (12-in) intervals.
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Figure 58. Diigr-jm of Norr.-ay spruce tree A root system on control plot
indicating root depth (in inches) at 30.5-cn (12-in) intervals.
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Figure 59- Diagram of Norway spruce tree B root system on control plot
indicating root depth (in inches) at 30.5-cm (L?-in) intervals.
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Figure 60. Root system of Norway spruce on landfill plot.
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Figure 6l. J.oot system of Norway spruce on control plot.
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SECTION 7

DISCUSSION

The levels of carbon dioxide (3. 9&), r.ethane (0. U<£) and oxygen (17.61?.)
at the 20 cm (8 in) depth in the cover soil of the Fdgeboro landfill were
found to be similar to levels found in the cover soil of over 67? of land-
fills surveyed throughout the United States (Leone et al. 1979). Therefore,
the principles set forth in this report represent conditions indicative of a
large number of landfills in. this country.

Relat?.ve Viability of Plant:',

The viability of plants after four years growth on the completed
Edgeboro landfill differed among species. By r;.vje end cf 1979, all the
weeping willows, rhododendrons, and euunyirp-s had died or. the landfill plot;
willows and rhododendrons, obviously having been unable to withstand pcriour
of desiccation characteristic of such sites during mid- summer. The euonymuc
shrubs on the site which were not girdled by rabbits during the winter of
1977-1975, also appeared, to have become desiccated during mid- suror.er i'ror.
lack of sufficient coil moisture. Several sweet gum, black gum, bayberry ̂ nd
pin oak died from undetermined causes; .landfill gas contamination of the root
zone and low soil moisture during nid-July 1978 were suspected as contrib-
uting factors in the sweet gum deaths. Since the concentrations of carbon
dioxide, oxygen and methane at the 20 cm (8 in) soil depth can reportedly
vary from one day to the next, some tree deaths may have resulted from land-
fill gas migrating into the root zone during periods when gas measurements
were not determined; i.e. samples might have been collected on days of lower
concentrations. If this were the case, harmful levels of the measured soil
gases might not have been recorded. Even if the carbon dioxide and metho.r.e
levels were considerably higher than the average levels during short inter-
vals between sampling dates, Arthur (19?°) indicates that short periods of
high landfill gas concentrations may adversely affect tree growth.

More than 60 additional gases have been reported in the anaerobic envi-
ronment of landfills (Personnel communication, Fred Rice, Reserve Synthetic
Fuel, California, 1977) including ethane propane, phosphine, hydrogen sul-
fide, nitiogen and nitrous oxides (McCarty 1963; Rovers ejid Farcuhar 1972;
Toerian and Hattingh 19&6). Some or all of th^se other gaseous components in
addition to carbon dioxide and methane may have migrated into the cover soil
in the landfill plot on the Edgeboro landfill and adversely affectel plant
growth.



Relative Growth of Surviving Plants

Landfill tolerance of the surviving trees was baseci upon two types of
growth measurements (shoot lengtn arid steir. area increase) taken for each
species on both the landfill and control plots. F^om comparisons of growth
on the landfill as percent of that on the control, relative tolerance of
landfill conditions depended both on the growth parameter measured and the
growing season in which measurements were collected. During the 197̂  grow-
ing season, black pine shoot and stem growth on t\.r: landfill plot compared to
the oontrol was bev.ter than for any other specie:: (Tables U and 5). during
19"9> however, shoot growth of olack oir.e on the landfill was fourth and stem
growth tenth best of all species as corr.parw3. to controls. Thus, black pine
appeared to be less tolerant of landfill conditions in 1979 than in 1978.
Honey locust shoot and stein growth on the landfill plot compared to the
control during 1978 were fifteenth and sixteenth in rank, respectively among
the species tested; whereas, daring 197'?) honey locust shoot growth was best
and stem growth fifth bes" of all species lasted. Evidently, a tolerance
list based or. growth measurement:; aurir.g on..- particular growing season may
not necessarily represent a reliable s sti.T..-o.*:e of an overall tolerance to
landfill conditions.

Since landfill tolerance also appears to be dependent upon the partic-
ular growth measurement in question, one rr.ust identify the critical growth
criteria for species'selection. Since either shoot growth and/or stom growth,
may be critical for a particular vegetation project, they have been presented
in this report both separately and combined, in order to satisfy the needs of
s wide variety of individuals.

From comparisons of .total amount of shoot growth produced on the land-
fill from 1976 through 1979 with that in the control plot, ginkgo, b?.ack gum
and Japanese yew appear to be mo.it tolerant; ar.i green ash, sweet gum and •
hybrid poplar saplings, least tolerant of landfill conditions (Table 8).
From comparisons of percent sterr area increase Japanese yew, white pine and
Noivay spruce seem most tolerant; and hybrid poplar cuttings, hybrid pcplar
sapling.-,, and green ash, least tolerant of landfill conditions (TabJe 9).

Since there is reason to believe that no one growth parameter is best
suited for comparing tree grovth on the landfill with that on the control
plot, shoot and stem growth data were combined for the'years 1976, 1977, 1;'73
and 1979 and analyzed as a unit. Two different statistical methods were
ch-tjen to analyze the combined growth data in order to raak the test species
for overall tolerance to landfill conditions.

One method consisted of averaging shoot growth during 1976 when stem
growth was not available and shoot ar.i stem growth for 1977 through 1979 for
each species on the landfill plot as a percentage of that on the control plot.
The species which produced the greatest amount of shoot or stem growth on the
landfill compared to the control, received a rank of one. The species which
grew most poorly on the landfill compared to the control was ranked last
(l6th). Thus, seven rank lists were formed and the tolerance rank values
from the lists were totaled for each species for an overall landfill toler-
ance rank (Table. 10).



Principal components analyses of shoot and stem data from 19?6 through
1979 comprised the stcond method (Table 11). A factor score was calculated
for each species on each plot. The differences in scores between plots were
aligned from smallest to largest. The ranking of species from most tc least
landfill tolerance by this system was similar to 'the first analytical method.
Only two species changed positions draiuatically; Japanese yew moved from most
tolerant by the first method to eighth according to principal components
analysis, and.hybrid poplar cuttings r.oved from eighth in tolerance by the
first and least, tolerant by the socond analysis. As a iesult of both nethods
of analysis black gum, black pine and bayberry appeared most tolerant and
hybrid poplar .saplings, green a^h and honey locust least tolerant of landfill
conditions.

1 A finrj. way of assessing relative tolerance to land/ill conditions is t'j
total the rank values from each of the aforementioned methods of anayls-i'i
(Table 12). Black gum appears most tolerant and Japanese yew sscond most
tolerant to landfill conditions. It is believed '.hat Japanese yew was ranked
very tolerant because growth on the control was inhibited by 'wet feet1

conditions.

In all the landfill tolerance list", the species wer-5 generally distri-
buted in a similar manner throughout tolerance ranks, i.e. those at tire top
of one list generally appeared toward the top of the other lists ar.d vice
versa.

Stress on the intolerant trees provided by low moisture and/or elevated
C02 and CHl4 concentrations was reflected in the greater variability in growtr
on the landfill plot than on the control (i'ables 13 and 1̂ +). .~;i:.c-=: tolerant
species were apparently more capable than the intolerant cpecies of with-
standing the low soil moisture and elevated C02 and CHl^ levels c'. the landfill
plot, the lower variability among tolerant tre^s on the landfill cones as no
surprise.

Fran the previous discussion the follov.-ing questions must bo dr.cwsred
prior to the selection of plant material: Should it produce a quick vege^a-
tive cover? Must it grow in a manner similar to trees on non-landfill sites?
Should it produce good shoot growth, good t̂ eni area increase cr both?

Regardless of whether shoot length or stem area measurements are con-
sidered, root&d cuttings of hybrid poplar appear to be best suited for
vegetating completed landfills if one desires to produce a quick, dense
woody vegetative cov?r regardless of species (Table 15''. On the other hand,
:f one desires to plant a variety of species which would perform as well on
a landfill as on non-landfill areas, black gum, bayberry, Japanese black pir.e
and ginkgo appear to be the tree species best suited, for this purocse (Tables
10 and 11). Although two of these bayterry and ginkgo both ranked high in
these species tolerance lists comparing their growth on the landfill with
growth of replicates on the control, their relative absolute growth compared
to that of other species on the landfill was the poorest.

From this viewpoint, ginkgo might be one of the least desirable species
for landfill plantings. Moreover, since bayberry was the only shrub to



survive on the landfill plot and .becauts it rapidly spreads by shallow hori-
zontal rhizorr/is, bayberry may be a very desirable soil stablizer. '

Tolerance of Rapid vs. Slow Growers

Table 12 shows that seven of the eight most intolerant species (those
toward the.bottorr. of the list) have been classified as rapid cr rovers; most of
the tolerant species are slow growers (For-rellc 196?). Apparently, those
species with the capacity to grow Vir.y quickly, ca'inot maintain this rapid
growth rate on compluted landfills, whereas, species which naturally have a
slower growth rate can maintain the rate on the landfill comparable to that
on the control. Since fact growing trees are likely to withdraw more moisture I
from the soil, they rr.ay become subjected to water stress quicker than the ,
slow growers. Localized low soil moisture tension zones may have existed in •
the rhizosphere of these rapidly growing trees; however, moisture content ;
measurements were not taken on such a small scale. These data suggest that ]
irrigation is more essential for the establishment of rapid growing trees i
than it is for establishment of the slow grovers. Thus, when' growth on the
landfill was compared to gro'rth on the control, rapidly growing trees proved
intolerant of landfill conditions. However, many of tnese supposed intol^r- '•
ant (based on landfill growth compared to control) rapid growing species •
(hybrid poplar rooted cuttings, honey locust and American sycamore) actually
produced more absolute vegetative growth on the landfill than other so called '
tolerant sp-?'jie3 growing on the landfill. !

The generalization is often found in the literature that healthy,
vigorously growing plants are susceptible to air pollution damage (Harkov
1979). Although slow growth nay be associated with a given stress, it may
also be characteristic of a particular plant species and thus allow that
species to escape from air pollution damage (Markov 1979). The present study
presents evidence that trees more susceptible to landfill gases (pollution of
the root system) are also'more likely to be found amorig the rapidly growing ^/
species rather than the slower growers.

Tolerance of Flood Tolerant Species

The characteristic low moisture-holding capacity of landfill cover soils
was .i3™onstrated on the experimental landfill plot during the years 1977 ai.
1978 (Figurj 7). Thuc, several species may have been stressed by low avail-
able soil moisture. Species most likely to be affected by water stress are
those which naturally grow in areas associated with a high wPter table. Five
of the eight species (Green ash, honey locust, sweet gum, pin oak, red maple)
observed to bu landfill stressed in these investigations'(Table 12), report-
edly cannot tolerate drought conditions (Hook 1972)? whereas, only one of the
eight tolerant species \z reportedly sensitive to droughty conditions.
Several cf these intolerant species (green ash, red maple, honey locust) may i
have exhibited sensitivity to landfill soil conditions because they cannot
tolerate periods c:' 1. v soil moisture content and might otherwise have proved •
to be landfill toleras^ if adequate amounts of water had been provided. j

i
A reasonable a priori assumption may be that those species which can ]

withstand periods of flooding, can also tolerate landfill conditions, since



both environments generally lack su<'ficier.t oxygtn for normal root respira-
tion. However, since the soil or. the Edgeboro Landfill vas often lacking in
moisture, these species were probably not afforded the opportunity to exhibit
their low Og-adaptibility mechanisms. Thus, the if- grc-.rth on the landfill was
much reduced 'rm>™?-± to Lhe control.

Effect of pH on Tolerance

There is e/idencr for the notion that coil pH levels rnay affect species
tolerance to1 L-indfill conditions. Luring 1973, pi! or. both the landfill and
control plots averaged U.5. The tolerance (according to 1978 stem increment
data) of the five most landfill tolerant species (black pine, iiorway spruce,
bayberry, wh_te pint and black gur.-Tu.blt- 5) may have been brought about by
the ability of these species to thrive in acidic soil (flannt-ry and Paterson
196̂ ). Accordingly, these five species may have been less affected by the
depressed 02, elevated CO;? and CH1+ and low soil moisture than other species
because the pH (U.5) wac close to their optimum requirement (pH=5.0-6.0).
Following .appropriate lime application in early spring, 1979» the soil pH
rose to 6.2 'on both plots, representing a rr.uch moi e desirable Ir-vel for most
trees and shrubs. As a consequence, the five low-pH species were no longer
concentrated at the top of the landfill tolerance list on the basis of 1979
stem growth (Table 7). ipccies which were inhibited, by low soil pH (e.g.
red maple) in 1978, improved their growth or. the landfill during 1979 wher.
the pH level was not inhibiting and, therefore, moved up in the tolerance
list, thus displacing several of the more acid loving plants like Japanese
black pine.

Although stem area increase data provide evidence for the importance of
soil pH on landfill tolerance, shoot length data exhibits no recognizable
relationship between the two parameters. This indicates that stem area
increase rr.ay be a more sensitive indicator for the tolerance of woody species
to landfill conditions than is shoot length.

Effect of :"oil Comop.ctior. or. Tolerance.

High soil bulk density iz anotaer factor which may have influenced the
response of a number of the test speci?s co the soil environment created on
the landfill plot. rlopkinc and Patrick (1969) indicate that plants are more
adversely affected by high soil bulk densities at depressed soil oxygen
levels (<1O") than at 'noirial soil oxygen concentrations (18-20?:). Oilman et
al, (in press) report that growth of .American b^sswood on completed sanitary
landfills is significantly inhibited at high soil bulk density levels.
OpfLnum levels of soil bulk density for a variety of crops vary between 1.3-
1.5 g/'-c. L-ir.ce bulk density on the landfill plot during the current
investigations was I.I -:'cc, the lowered oxygen content in the landfill soil
may have caused some Pjj.-cies to be affecteu '•->,> hi^h soil compaction.

Tolerance of Shallow vs. De?p-P.oote1 Opecies

The species which adapted to the landfill plot niore quickly (Japanese
black pine, iiorv;ay spruce ' have a shallower and more extensive root system on
the landfill than the intolerant species (honpy locust, green ash, hybrid



poplar) (Table U3). Ail species produced a shallower root syst.'.-m on the
lejidfill than on the control except .Norway spruce. However, the
difference in root depth t>evwcc?n lanOfill and control plots was snail for
black pine and spruce compared to a fairly large difference fcr the ir.toj.t-r-
ant because they had to produce a proportionally shallower root system or the
landfill than on the control than did the tolerant rpecies. This study
presents evidence that the root oystems of these presently intolerant species
are making their way toward the soil surface and may in several years, be ablo
co tolerate landfill Conditions. Their root system will probably have grown
away from the higher carbon dioxide and ".ethar.e concentrations (ar.d conse-
quently, lowc-r c.̂ gen concentrations) in the deeper coil strata, ar.d will
probably require extensive irrigation in or'c.er to maintain growth conparable
to the control.

Tolerance of Small vs. Large Trees

The enhanced landfill adaptive capabilities of small trees compared to
large trees appear:; to be supported by evidence presented in this report
wherein shoot growth for snail trees of four (pin oak, green ash. ^ugar rr.aple,
hybrid poplar) of five species tested was equally good on'the landfill as on
the control, whereas, shoot crowth on the large specimen: (saplings) was
significantly lower (j<.1C) on the landfill than on the coi.trol plot.

Tolerance of Balled-ar.d-Bur lapped vs. Bare-rootea !'.aterial

Another practice involving root characteristics which nay aid trees in
Lecor.ing adapted to stressed environments is the ust of balled-and-burl=.pped
rr.aterial rather than bare-rooted stock. In this investigation with a s ir.gle
jp<-cies, sugar maple, balled-and-burlapped trees produced longer shoots and
greater leaf volume than bare-rooted trees on the landfill plot, but not o::
the control plot. Obviously there was some advantage in having a less pruned
root stock. There ir.ay also have been better mycorrhizae inoculum in the soi?.
ball. However, whether thi" ir a characteristic of one species or whether
the results may be extrapolate to other species must be further determined
by further experiments.

Tolerance of Irrigated vs. ';cii-irrigated Plants

Jugar r.aple was used to assess the value of supplemental irr^c-tion in
adapting trees to landfill cover soils. This species generally grew better
in the control soil having higher moisture and oxyger. contents and lower
carbon dioxide than i-n th~ landfill. Although supplemental irrigation in-
creased the soil moisture in both plots, irrigated iiaples produced signifi-
cantly .Ticre (FK.C1) leaf tissue than non-irrigated trees on the landfill hut
not on the control -luring 1/76 and 1979. Shoot length was enhanced b\ irri-
gation in both piocc, but t'r.t increase was not statistically significant,
lossibly, the failure of irrigation in th« control plot to stimulate growth
was due to the face that sufficient rain had fallen during the growing season
.50 that moisture was not a limiting factor for growth of sugar maplf: on the
control as it was on the landfill.

Tecreased growxh of sugar maples on the landfill plot was undoubtedly due



to the combined effects of low soil moisture and slightly elevated soil
carbon dio>.ld<-> and -depressed, oxygen concentration. Also, the elevated
carbon diox'.d- levels may have caused the production of a shallower root
system on the .landfill than on the control and, therefore, predispose th-.-i
maples to drought damage. Gingrich and Russell (1957) report that oxygen and
moisture content interact such that at high oxygen concentrations, lov r.oij-
ture content ta.s a more deleterious effect .on corn growth than at low oxygen
contents. The oxygen concentration in th° landfill soil was' only slightly
depressed, therefore,.lov soil moisture could have had a strong effect o:.
maple development.

Arthur (197-0 observed an increase in storr.atal resistance, and her.ce
reduced transpiration of sugar maples after several days of exposure to si;:.-
ulated landfill gi:z mixtures. A similar effect was observed in sugrtr r.apl>:-̂
growing in the Ianifill 'plot (Table 8). Elevated soil carbon dioxide concen-
trations (7.6̂ ) in the non-irrigated portion of the landfill caused signifi-
cantly increased s^cmatal resistance in the sugar maples fror. late r.ornir.g
until early evening (Figure 9) over that of the trees located or thv landfill
where carbon dioxiie averaped 2..8?. Irrigation throughout the growing c -ascr.
did not rignifi-:antly reduce the stonatal resistance below that of the non-
irrigated area.

Air temperature, relati.ve humidity, and other meteorological parameters
arc- also known to affect stomatal aperature. Multiple regression analysis; of
diffusive recisf^nce changes during the day shoved that temperature and hu-
ridity effects accounted for 71-' of the variability in the landfill irrigated
area (equation 2-page Cd ) where the carbon dioxide (2.3?;) and oxygen (l"./'̂
contents were close ' o that of non-landfill :;oils. Since only Ic7' and 0",
respectively, of the variability was explained by these twn parameter.- ir, the
non-irrigated areas with i.ijKe" carbon dioxide and lower oxygen cor.L-i-r.t the
deleterious gas atmosphere and low moisture content of the soil appear to
hrive prevented temperature and humidity fror. exhibiting an influenci- en
ctomatal resistance. Total wir.d movement fror August 9 through August 23
alone accounted for 1*3" (equation 3) and 53"' (equation U) of tha variability
in storr.a'al resistance in the control irrigated and non-irrigated areas,
r»F";ctivc-ly. After wind movement was entered into the equation, no other
v'.triabl'o contributed significantly to the remaining variability. On the land-
fill plot, however, oOil oxygen arid moisture content contributed significant-
ly to *:he vari'ibility. Apparently, the effects of'adverse gtis environr.':r.t
an'- i--_-di;ced r.oisture content on stomatal r.pera* ;re in the landfill plot hv/e
overrido :-n th.e recognized effects of temperature, humidity and wind.

Of the five landfill gas-barrier systems tested, the landfill mound
lined with a 30 en (12 in) clay layer appears to have promoted better growth
of American basswood and Japanese yew than the unmodified landfill area.
Eacswood and yev with the unlined landfill mound was generally greater (but
not significantly so) than in the unmodified landfill area (Table 22). In
addition, the concentrations of carbon dioxide, methane and oxygen in the two
landfill r.v.̂ nds were not significantly different -'rom that in the unmodified
control or control mound areas indicating tnat the mounding of soil functioned



successfully in preventing the upward migration of landfill decor.positior.a.1
gasec into the root zone of gas susceptible plant species.

Noticeable changes in soil nutrient-contents were observed ir. areas with
high landfill gar. concentrations. Available soil manganese and iron contents
during 1978 .and 1979 were high in the clay/vents trench where the ox./gf,:. con-
tent was lowest (U.3%)- Respite this relatively high average oxygen concen-
tration, small pocKotr of anaerobic soil may have occurred in areas rerr.ove-d
from the zone of influence around the gas samplers tir.it may r.ot have beer:
measured. Leone et al. (1979) Deport that where- the- oxygen content ir. land-
fill soil averaged .̂3;'̂  available manganese- cor.t'-r.t was /ignifi :ir.tly higher
(":K.05) than in other areas on the landfill where the ox/..en concentration
vas l6.3>j or higher. ^ata from the current study and the .:\-; cited above
s.iggest that low oxygen levels ir. the landfill coils are a::si:,ciated with high
levels of manganese. This is not surprising since hi_;h ::.<r..c-a:-.c .e and o-her
raicronutrient levels are frequently Mis xi^.ted with flooded scils contair.inL-
lit-.le or no oxygen (Ponnamperuma 1J55)..

An evaluation of Jie effects oi varied soil fcnvirorj.i--r.ts on .-'-.- .f-i-ica:.
^asswcod growth was made possible- because of the variety of sc:l condi* i Dnr
found ir. the gas barrier a:vL in'other are-'" ?r. the- landfill ona control plot.:.
C-ii relation cccfficie.vts Wr-r^ calculated for a nurr.cer of coil ani tree parair.-
ecers (Arpendix B). .'.'oil oxygen, carbon dioxide.-, po*.avsivur., r:?.':gar.-t-st-,
nitrate content and bulk '.i.;nsity were significar.tly correlated '.dth all four
growth parameters: shoot length, leaf weight, rooi bia-.-i.js and -^ ten ir.crea.-e.
:-rultip]e regression analyses were performed for the tree pc.rar,.iters using the
Foil gases, moisture content, bulk density, soil ttir.per."\ture arvi soil r.u-rit-:.t
contents as independr-nv. variables. Tiie models resulting froi:: this ar.aly:. is
follow:

Ghcot length=O.Ul •+• 0.10 (.'.'.n*-Mn*») + 0.07 :."C,t-.

':'~~ - 55' equatio:. i-

lcT.f weight=0. 59 * 0.07 IiO_*- - . .' i-ln*'-0.01 ( 'K*-K")-0. 2~

(3ulk density X Moisture c o r * . • ''. ?, = ~/" equation 5
::oot biorr.ass=e'--^3.79*"21. Oc "10^' *•* . (l-'oistur-, . 0 )

? <-
2•;. = -- -iquation ••.

Jter. cross-
..-e-ction increase=23. 51̂ 0. 55 "0.'-"--O. i .Mn*-Mn*'(-2.51

(3ulK density X Moirture content^. ~-~ - -ztf. equation 7

These models surgett thai, soil nitr-.it-.- --n-; r.a-nganese levels had a dire-ct
offeet on growth of the basswood trees.

Carbon dioxide and oxygen levels vere also .:i^nificar.tly correlated with

•Indicates soil measurer.c.nt in -June 1977.
**Indicates soil c.easurerr.«.'nt in October 1977.



the four growth paramLtc/rs; hoover, the correlation coefficients were slight-
ly higher for the soil nutrients: hence, th'--ir inclusion in try.- regression
models. The exclusion of the toxic soil gas (CO?) from the models above doe;,
not suggest that they did not directly ai'fect growth. Soil gases at these
oo.-,.̂ -:v".t.râ ions have been shown to dramatically a'ffect vegetative growth
(Flower et al 1973, Leone et al 19̂ 9). However, th<: high correlations be-
tween soil oxygen and r"nl nitrc.te levels (r = + O.c-3) and.be.tween soil
oxygen'and soil manganese levels (•>• = -0.80) ^uggest that tho oxygen concen-
tration has dramatically affected the levdr of nitrate and manganese in t:,~
soil. Although the data are not necessarily conciuji .";, we car. state, as dii
previous investigators, (Hoeks 1972), that t'-:e presence ol ;r.-:-thane gas in
soils is probably associated with m-icrobial activity through whicn ror.<- plant
nutrients, particularly nitrogen compounds and trace nv--tj.ls are made avail-
able. It ir within the i-ealr.. of possibility that some trace element (possi-
bly manganese or iron), essential to plants at low concentration.", could oe
reaching toxic levels in soils contaminated by methane.

A reason for the absence of a soil moisture component in the equations
Describing shoot length variation may be that the basswcods concluded mo.-.t o:'
tneir shoot growth by early June, whereas, soil moisture was considered
adequate or 'non-limit ing for shoot growth until mid-June. Or. the other r.a^.a,
the leavf.E continued to excar.d through early July and thus lack of soil rr.ois-
ture was uble to exhibit an effect on leaf weight resulting in the inclusion
of moisture contert in the equation <„eq. 5) explaining variability in leaf-
weight.

The effects of soil moisture on stem and leaf growth deper.ded on the
soil culk density-level as,, shown by the cross-product term (bulk density '•.
moisture content) in both models (eq. cj and 7). For instance, at a higr-
bu-l> ac-ncity (1.3 g/cc), the higher soil moisture in the unmodified control
area compared to the unmodified landfill area (Table 27;, resulted in a sig-
nificant increase in stem growth in the control (Table 2M. Or. the other
hand, at a medium bulk dc.-nsity (1.6 g/cc), the significantly higher soil
moisture in the control trer.cr. compared to the clay trench, resulted in a
non-significant increi.se in stem growth. Furthermore, at the low bulk den-
sities (1.3 g/cc) found in the clay/vents and gravel trenches, a higher soil
moisture content is associated with the poorest stem and leaf growth indi-
cating the possibility that increasing soil moisture at low bulk densities
may be detrimental to plant growvh. More likely, low oxygen and/or high
carbon dioxide contents inhibited growth in the clay/vents trench.

.'oil oxygen and carbon dioxide are both significantly correlated with
basswoo'i growth (Appendix C and both can reportedly cause a large effect on
plarj . productivity (Leone et. al 1979). Possibly, the high carbon dioxide anu
low oxygen concentrations in the clay/vents trench have affected b3sswood
growth so that Itss water was removed from the soil by the trees in this
ar.-a. V.'ater i: also a product of refuse .degradation (Farquhar and Rovers
ly/2) and :.-.ay travel through the soil along with the gases produced during
decomposition. Thus, the higher soil moisv.ure in the clay/vents trench ap-
joars to be a result of rather than a cause of poor growth. Therefore, the
;ignificance of the bulk density X moisture content term in the two models
appears to depend solely on the high soil moisture in the clay/vents trench
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associated with very poor basswood grovth.

In order to evaluate the effect of the landfill envirorjr.ent on the total
amount of nutrients accumulated by the basswoods in each test a~ea, average
weight of leaves per branch was multiplied by tissue r.utrient concentration.
The differences in total uptake among the nine arc-as v-r- analysed in two
ways: first by using the total nutrient content and r:c-c. :. i by adjusting the
nutrient means for bulk density and root biomass differences between areas.

Soil bulk density differences between arcs.;; re:;ultrrd fvon -jii'ferential
soil compaction caused by the use of heavy equipr.tr/.. necessary in preparing
the site for planting, therefore, neither the refuse, nor any products from
it, had any influence on bulk density. Considering this and the correlation
between bulk density and nutrient uptake, removal of the effect of bulk den-
sity on nutrient uptake allows for a better appraisal of the effects of land-
fill-influenced soil conditions on nutrient uptake. Root bionass differences
between areas were influenced by lar.ifill conditions (.jiliian 1973). High
positive correlations existed between basswood root biomass (even though it
was measured, quite crudely and varied considerably within each area) and
total uptake of all eight nutrients measured. Mien the effect of root b'io-
mass on nutrient uptake- was removed from the ana\ysis by Analysis of Covari-
ance, a measure of the efficiency of uptake a\. the root surface wa; obtained.
This efficiency is an evaluation of the ability of a given section of root
surface to aosorb nutrients, regardless of the total amount of root surface
available for 'absorption.

The most striking difference between the unadjusted (raw data) and ad-
justed means (efficiency .after removal, of bulk density ar.d root biomass com-
ponent for nutrient uptake per branch) is that after adjusting, nutrient
accumulation in the gravel/plastic/ver.'Ls troaeh and clay mound was no longer
oigni .'icantly greater than that in the unmodified experimental screening area,
indicating that root biomass and bulk density had a great influence on nutri-
ent Accumulation. Consequently, basswoous in both landfill mounds, the
gravel trench and the clay trench accumulated the eight nutrients no more
efficiently than in the landfill screening area. In the clay/vents trench,
nutrient uptake efficiency was actually significantly reduced. The carbon
dioxide and methane gas concentrations were significantly greater (K.Ol) and
oxygen significantly lower in this area than in all other areas. Apparently,
soil carbon dioxide can rec.ch 7?- and oxygen can drop to l6.3'% with no effect
on nutrient uptake efficiency. However, when the carbon dioxide concentra-
tion reached 22.5̂  and oxygen, U.3?j (clay/vents trench), nutrient accumula-
tion efficiency was significantly reduced (Table 30).

Plants grovn in soils low in oxygen often accumulate le. -cassiuii lan
those grown in soil with an adequate oxygen s.ipply (Hammond 19b2). If less
potassium is taken up by the plant, then relatively more potassium should ie
left in ~.he soil. This was true for American )asswood in. terms of concent a-
tion of potassiuu in the leaf tissue (Table 25 and total potassium uptake
per branch (Table 26). More potassium was lefi in the soil (i.e. the potas-
sium value in June minus that in October was small) in those areas where
basswood leaf weight, and total potassium uptake were low. This is represented
in equation 2 by a positive coefficient for the potassium in June minus
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potassium in October effect in the model describing leaf wc-jght variability.
The oxygen concentration in two of these poor growth areas 'clay.vcr.tr and
clay trenches) was lower than in any of the other areas. Apparently the low
oxygen, and/or high carbon dioxide, contributed somewhat to the low potassi-
um uptake of the basswood growing in these trenches, resulting in the small
change in soil potassium from June to October.

Foliar concentrations of manganese, nitrogen and potassium were signifi-
cantly reduced (?<.C5) ir. bassvood trees growing in tlie area of highest car-
bon dioxide and lowest oxygen concentration (cl:iy/vcntr. trench). .'imilar
phenomena were observed by Leyshan and Cheard (1/,'U', i.e. concentrations of
nitrogen, phosphorus and potassium were reduced ir. barley tis^u;.- grown in
oxygen-deficie-nt soils. Concentrations of nitrogen and potass iur. were also
reduced in avocado (Labanauskas et al. 1966) and potassium wa.: redded in
slash pine. (Shoulders ar.d Ralston 1975) when the plants were subjected to
reduced cxygen concentrations.

Plants grown in sewage sludge treated soil where the available manganese
is often quite high (e.g. lUl ppm^ contain significantly higher concentra-
tions of mang-uiese relative to plants grown in non-sewage :;ludge treated soil.
Since literature concerning the effects of lov oxygen combined with high
soil manganese on accumulation of mancar.ese in tree tissue is wanting, inter-
pretation of the decreased manganese concentration ir. basswood leaf tissue is
at best, speculative. At first glance, lack of oxyrer. in the soil, causing
disruption in respiratory activity in the root system and Lr.pairin.r mar.ganese
uptake appears to be an attractive explanation since oxygen level was posi-
tively correlated (P<.05) with tissue manganese content. .iowev.-r, concomi-
tant with l^v soil oxygen are hi^h carbon dioxide cor.-.er.t, hi^h :•:::.perature
and on several occasions high Tit?thane and possibly otr.e-r *!—-'- ir. lesser
amounts r.uch as aydrogen sulfide (H,.o). iiydroren sulfi.ie was no: r.eas-irc-d ir.
the present study; however, detrimental effect.- of Ĥ .V cr. root, f'oir-.atior. ar.d
activity have been reported (Hollis 19&7, Hollis et al. 1975N. -"everal
authors working with the mechanisms of toxici .y have indicated that the
presence cf H S may lir.it nutrient uptake (,*oahi et al. 1975, r'or.ni-r.peruna
1975'. There have been no reports of the effects of temperature or methane
on nutrient uptake.

Tissue calcium concentration was significantly lower :or the two areai;

(clay/vents and clay trenches) where oxygen was lowest an- carbon dioxid-5
highest in content. Soil temperature was al.5O higher ir. the clay ver.ts
trench than in all other areas. Regression analysis showed tr.at tne temper-
ature during the growing season was highly correlated (\\--+":^^ with calcium
concentration (Appendix C]. These results are supported by Burstron (1 '5'-̂
and Ileilson (1971) who separately found that the soil calcium level required
to maintain good wheat growtin increased with increasing soil temperature from
20°C to 30°C. When corn roots were exposed to cyclic temperatures, they
reacted almost identically to the response corresponding to the maximum tem-
perature alone (Rattan 197̂ 0. Consequently tne correlation between some
aspects of growth (i.e. calcium,copper and iron leaf tissue concentration)
and highest temperature is not suprising.

Only one of the nutrient element;-.- measured, iron was more concentrated
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in the clay/vents trench than in any otner area (K.05). This area contained
the lowest oxygen concentration (̂ .3̂ -) throughout the entire growing season.
It is reported that prolonged low oxygen concentrations brought about by
flooded soil reduce iron making it more available to plants (Ponna-Tiperuma
1955) and pel haps causing it to reach toxic levels (PonnamperLma l'x'55).
Low oxygen alone or in conjunction with flooded soil has also been associated
with an increase in iron content in avacodo seedlings (Labanauski 1968).
Whether or not iron was taken up by the basswood trees in quantities large
enough to cause a toxic respor.ee is not deterrr.ii.able from the'present study.
These data suggest that landfill gases are at least partially responsible for
in_'luer.cing the total productivity and clepLh of penetration of the American
basswood root system and are in agreernrnt with previous work (Oilman 1975)
which suggests, that high gas concentrations are partially responsible for a
decreas- in root biomass of t'.-ees growing on landfills.

Fuot Growth in Landfill Cover "oil

Tible U3 shows that although total root length and maximum penetration
depth were decreased by landfill gases in the urjr.odified Landfill and clay/
vents trench areas; average root depth was apparently not reduced in the
clay/vr-nts trench where the gases reached their highest levels '22.51; CG2,
12.O>j CriL), but significantly reduced in the non-trench landfill area where
the gas concentration was second highest (b.lJ. COg, 5-cfj (.":'.'..}. This apparent
incongruity can perhaps be explained by the limited root growth in the clay/
vents trench, i.e. roots may not nave had enough time to grow toward the soil
surface before the trees died and thereby avoid the high landfill gases ,due
to the inhibition of growth by the gases cr other soil factors e-airly in the
growing season.

Carbon dioxide concentration was significantly higher at the 20 cm soil
depth in the un-rr.odified landfill area than in any other area except the
cliy/vents trench. The majority foe.?/) of the roots in the non-trench land-
fill area extended toward tr.'V surface and proliferated there, resulting in
the shallowest (F<.05) av-.^-.ige root depth (7.U cm) of all areas. It is be-
lieved that v;ith the high landfill gas content of the clay/vents trench at
the- 20 cr. soil Jepth, (22.cT C'jo, 12.at C-!̂ ) and/or low oxygen content (U.3'-'),
roots c?.::not grow to avoid tiiis gas environment, but when the conditions are
1-^:3 severe, i.e. the unr.oaif ied landfill area (3.1'-̂  CC>2> 0.9̂  CHi, and 13.5%
C2\ , Arier: r'an basswood is capable of extending all of its root system 15.3 cm
into the soil. Where the gas content at 20 cm was l.O-,"* 002, O.Cv C'il+ and
19.5'̂  Og, average root depth was 2'-. I en. Results for basswood (Oilman 1973)
corroborate those for Japanese black pine, 1,'orway spruce, hybrid poplar, honey
locust and gre^n ash discussed previously.

In order to further investigate the effects of high and low landfill gas
(C"j ar.d Ci-LL 1 concentratior:.- or: vertical root distribution i.i landfill cover
soil, seedlings and sapling:: of hybrid poplar and green ash (one replicate of
each from a relatively h:V:.-gas are:, arid one from a relatively low-gas area
on the landfill) were excav^^c-d and mapped. Two replicates of each were also
excavated or. the control :'or comparison 'for a total of eight trees on each
plot). Soot distribution vas birnifioantly shallower (F<.05)iin the high-gas
areas than in the Jov;-gas landfill ar^as for both seedlingn and saplings of
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these tvo species. All landfill trees of both species had significantly
(i<.05) shallower root systems than trees growing in the control plot.

The two factor; which differed most between plots were soil gas concen-
trations and soil moisture content. Carbon dioxide, methane and oxygen con-
centrations r.t the 20 cm dep~h on the landfi.ll (COo-3.̂ , 011̂ =0.4̂ ,, 02=17.C

W)
w«re significantly different (P<.0l) than on the control (CC^l.Ov, CuU-O.C1^,
02=19.9%'). Soil moisture content averaged 9-C^ on the landfill and 11. 3-^ on
the control. Since areas on t'pe landfill plot when.' trees were excavated
differed in gas concentration but were similar in moisture content, the
shallower root system in the high-gas areas prob-ioly resulted from the
difference in gas concentration rather than in moisture content. However,
differences in root depth betvc;-n landfill trees and the control trees could
have resulted from landfill gas contamination and/or lover soil moisture
levels on the landfill than on the control. Few landfill cover soil environ-
ments are characterized by low soil moisture: content alone (Flower et al);
most are associated with elevated levels of carbon dioxide and methane,
depressed oxygen concentration, low soil moisture and a variety of other
undesirable qualities.

Evidence has also been produced by these studies to suggest that species
with a natural propensity toward producing shallow root systems ̂ (Japanese
black pine, iicrway spruce) (:r.ean depth approxLrr.j-.tely 9 cm and k cm respec-
tively on control plot) grew very well in landfill cover soil. Deeper rooted
species (rreen ash, honey locust-mean root depth on control ln.7 and 1C 'jm
respectively) were forced to respond '*.o the landfill stresses through devel-
opment of surface roots, when deeper roots are the norm and, therefore, grew
less vigorously on the lano.fi!! than on the control plot.

Apparently, a desirable landfill species should have, in addition to
low-oxygen tolerance, one of two rooting characteristics: either a naturally
challovv root bys~em or the ability to adapt from,a characteristically deeper
to a relatively shallower root distribution ir. 'order to avcid the deeper
adver ;c soil gas atmosphere. Since only one (black gum) of the seven re-
portedly flood tolerant species (black gum, bayberry, American sycamore, red
rrj-ple, green ash, honey locust, svnet gum) proved to be relatively tolerant
of landfill conditions (5able 12), the respirator;' mechanism responsible fo1"
allowing these species to survive in low uxj' *en envirc.ir.ents, operating
riOnr.ci.lJy in a water-saturated environment, nay not have functioned properly
in the low moisture conditions of a landfill cover soil.

Oilman (1978) has previously reported that small trees may be more cap-
able of adapting to landfill conditions than large specimen\. In the current
root distribution studies, roots of the hybrid poplar sapling (large tree) in
the high-gas landfill area were unable to grow at the greater soil depths
(3O cr.). Only four roots remained alive at the time of excavation (Jctober
1979) and these grew upward from approximately the 20 cm to the 5 ci soil
depth. These roots appeared to have reached the soil surface very rapidly
because the angle of the roots to thj horizontal was rather stsep compared tu
the angle for roots of the similar-sized poplars in the lov-gas ar?a. Many
of the latter roots appeared to be growing toward the soil surface; vhereas,
few roots of the large poplars on the control plot grew from deeper to



shallower soil depths, many roots actually grew deeper into tne soil.

The roots of Lytrid poplar tr^-.s planted as cuttings (small trees) in
the landfill so'j.1 also grew toward the soil surface; -whereas, roots of
poplars on the- control plot did not extend toward the soil surface. However,
the rooted cuttings were planted with a very shallow root system, and, there-
fore, had to'adapt less than the poplars planted as saplings 'which began with
a much deeper root system and were more lively to encount2r higher landfill
gas concentrations than the more shallov root; of the poplar cuttings.

Unlike small-sized hybrid poplars, small green ush seedlings did not
appear to adapt to landfill conditions to a better degree than larger speci-
mens. Roots 3f both seedlings and saplings of this species appear to.have
adapted to the landfill s.oil conditions in a manner vfry different i'rou
hybrid poplar. Mureas, poplar roots originating at the deeper soil stratas
on the.Jandfill (20-30 cm) T.ade their way upward as they elongated, the
deeper green ash roots di i not reach for the soil surface but, instead
remained t.t the origi.-.al depths where growth continued in a stunted fashion.
Ach roots can reportedly tolerate low oxygen environments (Gill 1970). Afh
roots in this study, therefore, iiave apparently tolerated adverse landfill
gas concentrations (Cf f 13. 1^ , CHL=7.3t> 02=12. ?/.). ;:.ven so, a1 large portion
of the root;; in the high-gas aria sprouted froir. ths root collar in the top
2.5 cm of soil (figure 3^)5 thus evincing a shallow root gas avoidance mech-
anism different from that of hybrid poplar.

155



REFERENCES

Alberda T. '"irovrth and Root Development of Lowland Rice and its Felation to
Oxygen Supply. Plant Coil 5:1-23, 1957.

Anonymur;. Einal !.:valuation T*-st riot: Toyou Sar.yon Park Reclamation Site.
Office memorandum to ">. I'. !:an.:on, L~.anit.ary Engineer, Research and Plan-
ning, l.ept. of Public Works, City of Los Angeler,, California. 11 pp.

Armstrong, W. ; T. C. Booth, P. r riestley arid L-. J. Read. The Relationship
Between Soil Aeration, Stability and Irowth of Sitka Spruce (Picea
sitchensis') (Bong. Carr. } on Upland ; c-aty ;^eys. J. Applied Ecology.
13, 5G5, 1976.

Arthur, J. J. The Effect of Sin.ulai.ed Sanitary Landfill Generated ''las Con-
tamination of the Root Zone of Tomato Plantj and Tvo Maple Species.
Masters Thesis, Rutgers 'Jriversity, 1978.

Boogie, ?.. Effect of Water-Table "eight on P:oot r.evelopment of Pinus
Contorta on P.f.ep Teat in Scotland. Oikas (Abstract'1 23, 30 ;̂ 19'i2.
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AFPEIfDIX B

COPRI-.LATIOK COr'.FFICm'TS (r) OF SOIL ?ARA!~T7-:HS W i ; H TG'J?. ru'CV.TH ME

°2
co2
K (Oct.)

Mn (June)

Dilf. in ;-'ji
(June - Oct. )

MO (Oct. )

Moisture content

Bulk density

Shoot
lengtn

+0.50*

-0.;>5*

+0.i43*

+C.53*

+0.c5*

+u.6o*
+0.02

+0.59*

Leaf
weight

+0.37*
-O.Hl*

+o>3*
+O.U8*

+0.59*

+0.6U*

+0.03
+0.-6U*

Root
bioraasG

+0.33*

-0.37'

+0.33*

+0.23*

+0.27

+0.58*

+0.37*

+0:58*

Ster: area
increase

+O.U8*

-0.51*

.-0. 50*
+0.61*

+0.73*

+0.5^*

+0.08

+0.5U*

Significant 2
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APPENDIX C

SIGNIFICANT SOIL PAPAMKTEPS I?; THE Pb'GRi-ISSION EQUATION? 70?. DETERMINATION OF
BASoV.'GOi'.! rJTRILJ-iT COiiCriTRATIGN

Nutrient

Manganese

Iron

Potassium

Magnesium

Calcium

Zinc
Copper

Nitrogen

Bo

-0.1

-2.5

2.0

1.2

7.8

0.3

3.2

Regression parameters

31 B2 R2

+0.3 ' &>'
oxygen
+0. 1 57$

highest temperature
+0.05 36%
oxygen
+0. 01 36f0
oxy/jcn
-0.07 78-%

highest temperature
No significant effects

+0.003 8̂̂ >
highest temperature

+0.05 -O.C06 Qhlc
oxygen bulk density

P level

<,01

<. 02 .

<.o8

<.08

<,01

<. 10
<.OU

<.05

Legend: B = V intercept, 3, = Regression Coefficient, B = degression

Coefficient, Ry = Coefficient of Determination.
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Restoration of Woody
Plants to Capped
Landfills: Root
Dynamics in an
Engineered Soil
Steven N. Handel1

George R. Robinson1-2

William F. J. Parsons1-3

Jennifer H. Mattel1-4

Abstract

Closed or abandoned landfills represent significant
land areas, often in or near urban centers, that are po-
tential sites for ecological restoration of native wood-
lands. But current guidelines in many jurisdictions do
not allow for the installation of trees or shrubs above
landfill clay caps, although these plants have many
environmental, functional, and aesthetic advantages,
including a rapid start to community succession. Typ-
ical closure procedures for capped landfills include
only a grass cover to control moisture infiltration and
impede soil erosion. The main concern that limits the
application of a woody cover to a closed landfill is
that roots may penetrate and weaken the clay cap. As
part of a comprehensive experimental program on
woodland restoration, we installed 22 tree and shrub
species on Staten Island, New York (the Fresh Kills
Sanitary Landfill). We found no evidence that roots of
the transplanted woody plants penetrate caps used on
these landfills. Root growth requirements and dy-

^epartment of Ecology, Evolution, and Natural Resources,
Rutgera-The State University of New Jersey, New Brunswick,
NJ 08903-0231, U-S.A.
Department of Biological Sciences, State University of New
York, Albany, NY 12222, U.S.A.
'Smithsonian Environmental Research Center, Edgewater,
MD 21037, U.S.A.
'Faculty of Science, Mathematics and Computer Science, Sa-
cred Heart University, Faivfield, CT 06432, U.SA.

9 1997 Society far Ecaloglatl Rettoration

namics stop penetration of these materials. Ar^vic
and acidic conditions were found in the sandy s .1
above the cap, as indicated by corrosion patterrWon
steel test rods. Also, the intensity of mycorrhizal in-
fection on the experimental plants was high in the
surface soil and decreased progressively with increas-
ing soil depth. The potential vertical rooting depth
during this time period was greater than that occur-
ring over the clay cap. This was shown from data col-
lected on a nearby control site, where seven of the
species were installed on an engineered soil lacking a
clay barrier layer, and roots of all seven species pene-
trated deeper than on the landfill. The engineered
landfill soils are poor growth media for roots, and be-
low ground constraints that limit restoration on these
sites must be addressed.

Introduction

Land rehabilitation can include restoring diverse
plant communities to damaged or derelict land. In

urban settings, landfill* represent large areas that po-
tentially could become public amenities and wildlife
habitat if forest restorations were possible. Protocols to
accomplish these goals must be developed, including
procedures that acknowledge the many environmental
concerns that landfill managers must address, r
Inndfills are capped with clay to retard water infiiw£
rion. Also, material placed over the cap (often a stock-
piled mineral soil) is typically low in organic matter
and lacks fl rich soil fauna and microflora (Dobson <Jc
Moffat 1993,1995).

Concern has been voiced by regulatory authorities
that woody plant roots might damage landfill capping
materials. In a previous paper, however, Robinson and
Handel (1995) described the results of woody plant ex-
cavations conducted on a closed-capped municipal
landfill. Vertical root growth of 13 species that had in-
vaded naturally from nearby forests was completely
constrained by a 45-cm compacted clay cap that was
covered with a thin topsoil layer («30 cm). These plants
had extremely shallow root plates, which remained above
and parallel to the clay barrier. These earlier results pro-
vided a rigorous test of the hypothesis that woody
plants would not pose a hazard to landfill clay caps. But
no controls (i.e., plants growing off the cap) were exam-
ined, and only a limited number of species could be
studied. Some species have the capacity to develop
deeper root systems than others, but clay caps may be a
difficult barrier for any woody plant roots to penetrate.
These issues are important in the design and planning
of restored sites, particularly those on shallow, enf"-
neered soils.

Three factors must be considered regarding the usew'
woody plant species over clay-capped landfills. First, can
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rooks breach a. standard clay barrier? Second, will "op-
portunistic" roots take advantage of subsidence cracks
or other breaks in the day barrier, penetrate through
them, and create further damage? Third, will the soil and

'subsoil cover materials encourage downward growth of
the roots of woody plant species towards the clay cap so
that the first two concerns become reality?

Earlkr research (Robinson & Handel 1995} addressed
the first two concerns. Our research addresses the role
of soil and subsoil in the root-system development.
Four questions are addressed in this study: (1) What are
the root growth patterns of woody plants grown above
a day cap? (2) Do the root growth patterns differ from
those produced by the same species grown in a site that
lacks capping clay? (3) When the roots come into con-
tact with capping clay, do they penetrate through the
clay? (4) How does proximity of root systems to the clay
cap affect mycorrhizal infection potential? The fourth
question is of wide interest because little is known
about the performance of mycorrhizae in reconstructed
soil profiles, except in rehabilitated mined lands (Miller
1987; Miller & Jastrow 1992).

Methods

Study Site
The Fresh Kills Sanitary Landfill is located on the west-
ern shore of Staten Island, New York, The landfill com-

plex, which is operated by the New York City Depart-
ment of Sanitation (NYC-DOS), covers almost 1300 ha
and is one of the largest such facilities evor constructed.
About 11-13 Mg (12,000-14,000 tons) of municipal
waste from the five boroughs of New York City are de-
posited daily into the Fresh Kills landfill. There is inter-
est in recreating native upland woodlands on the dosed
portion of the landfill to enhance the natural resources
of Staten Island that have been depleted by past devel-
opment (Robinson etal. 1994).

The portion of the Fresh Kills complex where our ex-
periments were conducted, Section 2/8, was closed in
1991 and hereafter is referred to as the "landfill" site.
The garbage was encased in a clay layer 45 cm thick,
which was graded and compacted under NYC-DOS
specifications to produce a barrier with very low hy-
draulic conductivity (Kt = 10~7 cm sec"1). The clay cap
was covered, in turn, with 60 cm of subsoil material (the
barrier protection layer) and finally with 15 cm of resi-
dential fill. The surface soil materials were specified to
have a sandy loam texture, free of construction debris
and other materials larger than 76 mm in diameter, and
to have a pH of 4.5-6.0. The final cover was sown with a
mix of normative grasses and legumes, which formed a
dense cover at the time of planting the trees and shrubs.

To study root dynamics on this site, 17 species of na-
tive trees and shrubs were selected for planting (see Ta-
ble 1), based on their suitability for growth on Staten Is-
land. They also spanned a range of1 tolerance to

Table 1, Vertical root depth (cm) of trees and shrubs excavated in 1992 and 1993 on the Fresh Kills Landfill
(section 2/8).*

Plant Type

Planted Trees

Planted Shrubs

Volunteer Trees

Volunteer Shrubs

Species

Acer rubruiti
Fraxinus pcnnsylvanica
funiperus virginieita
Pinus rigida
Piniu strobiu
Platanut occidentals
Prunus serotina
Qucraa patustris
Qua-cut prinus
Amelanchier canadensis
Cornui tmomum
Cornia racemasa
My/ica pensylvanica
Prunia maritima
Sambucus canadensii
Vaccinium corymbosum
Viburnum dentatum
Populus trcmuloides
Robinia pseudoacacia
Baccharis halimifolia
Rhus copallina
Snlix discolor

7932

27 (20-35)
29 (18-40)
21 (14WO)
21 (18-24)
25 (15-38)
35 (14-55)
17(12-22)
26 (17-34)

16
21 (8-29)
21 (10-34)
42 (27-57)
20 (16-24)
18 (12-22)

15
22 (17-27)
24 (14-30)
34 (12-52)

32
37

26

n

4
4
4
2
6
5
3
4
2
3
9
2
4
4
1
2
3
3
1
1

1

J993

38 (26-48)
33 (20-41)
35 (27-43)
33 (26-41)
34 (3CK37)
42 (33-64)

52 (31-69)
29
27
32

27 (20-34)

40 (36-43)
29 (20-34)

47

n

5
4
5
4
5
6

3
1
1
1

2

2
3

1

•Muni (range*) arc nporttd for each year.
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potential variation in soil moisture along a slope, as
well as a range of potential rooting depths nnd root
morphologies. Woody species were purchased from
area nurseries and planted by a contractor in the spring
of 1992 by means of standard horticultural techniques,
except that all soil was removed from root balls before
planting. Trees were 1.5-2.0 m tall, and shrubs were 60-
100 cm tall. About 550 plants were installed at 5-m in-
tervals in a 15-row grid across the south face of Section
2/8. The 15 rows of the grid covered most of the slope
(Fig. 1), with each species represented two to three times
in each row (30+ individuals per species). The grass
cover was mowed between the woody plants, but no irri-
gation or fertilizer were used on the sire, conditions ex-
pected under normal landfill cover maintenance.

In 1992, the same species from the same nursery
sources were also planted on an earthen berm adjacent
to the eastern perimeter of the landfill complex, oppo-
site the Richmond Avenue Mall (hereafter referred to as
the "berm" site). The plants were arranged in a four-
row grid on the western face of the berm, which was n
deep embankment of sandy loam soil amended with
composted leaf mulch, but with no clay layer. The
ground cover was a thick mat of the vine Lonicera japon-
ica. (Japanese honeysuckle), which was mowed before
planting.

All planting was completed by early June 1992. A few
replacements were required, in cases where planting was
done improperly or incorrect species were planted. The
installation of replacements was completed in July 1992.

Field Excavations

We excavated representative samples (1-9 plants per
species) at random points on the grid between October
and November 1992 and in November 1993. Fifteen of
the 17 planted species were deemed large enough to ex-

Figure 1. Experimental plantings of 17 species of native trees
and shrubs on the dosed and capped Fresh Kill Sanitary
Landfill (Section 2/8), Staten Island, New York.

amine in 1992, while the other two species wer -»o
small to be useful in this study, as determined froL^^s-
liminary test excavations. In 1993 we dug up individu-
als from 12 species, passing over 5 species deemed too
small to have accrued significant root growth. A few
additional woody species were found growing on the
site as natural recruits from adjacent woodlots. Speci-
mens of these volunteers also were excavated to enrich
our data set.

The plants were excavated by hand, or in the case of
large trees were trenched by a back hoe on three sides,
then undercut and ripped to determine maximum rooting
depth. The depth to which roots (especially fine roots
less than 5 mm diameter) extended downward from the
original root ball was reported as the "vertical rooting
depth" (cm), while the depth that fine roots proliferated
in the topsoil and subsoil material was reported as the
"lateral rooting depth" (cm). Also, we noted variation
in the depth of overburden and recorded this in 1993.
Roots of each specimen were photographed, after which
stem height and girth (15 cm above the ground surface
or, in the case of shrubs, stem number) were measured.
The plants were then tagged and replanted. No capping
clay was removed during these studies, and all soil was
replaced. Additional individuals of each species are still
in the ground, undisturbed, and are available for f "6
research.

Soil Properties

During the plant excavations, samples were collected
from the topsoil (0-10 cm) and subsoil (20-30 cm depth)
and in the landfill site from the clay barrier. Each field-
moist sample was thoroughly mixed before a subsam-
ple was removed for the determination of pH. Soil pH
was measured potenciometrically in a slurry (20 mL
deionized water: 10 g soil) made with fresh soil (Hend-
ershot et al. 1993). The remaining soil was air-dried and
submitted to the Soil Testing Laboratory of Rutgers
University for textural analysis. Sand, silt, and day frac-
tions were determined by. the Bouyoucos hydrometer
method (Sheldrick & Wang 1993).

Aeration status of the bulk soil was determined by pe-
riodically extracting mild steel rods (6 mm diameter x
750 mm), which had been inserted into the soil profile,
and examining thorn for si^ns of rusting (Came'l &
Anderson 1986; Hodge ct nl. 1W3). During late spring,
rods were driven vertically into the finol cover material
of Section 2/8 hi five transecrs down the slope, with 15-m
spacing across the slope between the individual rods in
each course (for a total of 25 rods). Twenty rods were
similarly installed (along four transects) down the slope
of the Richmond Avenue berm. Rods were left in ~t
until the late summer or early autumn, when the) ^_^e
removed from the soil profile. Surface patterns of corro-
sion along the length of each rod were scored, in 5-cm

1M Restoration Ecology
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increments, according to the criteria of Carnell and
Anderson (1986). The rods were cleaned with steel wool
prior to ^installation in the soil (at a distance of > 20
cm from the point of initial removal). Rods were re-
moved again in late autumn or early winter. Removal
and reins tallation of the rods was repeated" over two
consecutive years.

Mycorrhizal Aisesimtnts

In conjunction with the root penetration study, 55 ran-
dom samples of fine roots were collected from the outer
edges of the exposed root systems of trees and shrubs
excavated from the landfill and berm sites. The samples
were stratified by depth and originated from three posi-
tions: (1) near the ground surface, in the topsoil mate-
rial (hereafter referred to as the top samples); (2) deeper
within the soil profile, along the sides of the root ball
(side samples); and (3) beneath the main mass of the
roots, but above the clay cap, where the greatest down-
ward extent of the root system could be discerned (bot-
tom samples). The root samples were frozen (-20°C) in
rcsealable polyethylene bags until they could be exam-
ined in the laboratory. The thawed roots were gently
washed free of soil particles over a 1-mm mesh screen,
immersed in water, arid examined under a dissecting
stereoscope for the presence of active and inactive ecto-
mycorrhizal (ECM) fungal infection, according to the
criteria of Harvey et al. (1976). Roots then were cut into
2-on segments, which were cleared in hot (909C), aque-
ous KOH (2.5%) and stained with 0.05% trypan blue in
glycerol-lactic acid solution (Koske & Gemma 1989).
Wet mounts of roots were scored (at 400X) for the pres-
ence of endomycorrhizal (VAM) infection.

Results

Soil Propsrtlas

Soil properties differed in several respects between the
soils over the capping clay and the nearby off-cap con-
trol site (Table 1). Although the surface horizon had
higher sand content and lower clay content than the
subsurface horizon within each profile, there also wore
marked textural differences between the landfill cover
and berm soil profiles. The cover material of the landfill
site had a coarser texture than soil sampled from the
berm, regardless of horizon (multivariate test of site,
Wilks' lambda: A = 0.035, p < 0.0001, F - 539.05, rf/-
2,39). With their much lower sand contents/ the two
berm soil horizons could be classified as sandy clay
loams and clay loams, respectively (Table 1). The sur-
face horizon of the cover material had a loamy sand tex-
ture, rather than the sandy loam required by NYC-DOS.
Also, contrary to engineering specifications, the mean
clay content of the surface horizon was significantly

lower than that of the underlying barrier protection
layer (Table 1). Furthermore, difference's In pH between
surface soil and subsoil horizons were more pro-
nounced in the landfill cover than in the berm soil. Sur-
face horizon pH in both sites was circumneutral but the
subsurface layer on the landfill site vvas very acidic,
more closely resembling the conditions found in the
clay barrier (Table 1).

The average depth (±SE) to which the soil remained
aerobic was greater in the berm soil (46.2 ± 6.0 cm) than
in the landfill soil (22.8 ± 1.9 cm). This site difference
was determined from oxidized portions of the rods in-
stalled in the two locations and was highly significant
(two-sample l test: t = 4.89, p < 0,0001, df = 57). In the
surface layers of the soil, these rods were heavily coated
with orange-to-red rust patches, which were indicative
of well-aerated soil conditions, according to the criteria
of Carnell and Anderson (1986). Below the zone of pro-
nounced rusting, rods typically exhibited a matte gray
or smooth black finish, which indicated sustained an-
oxia (Carnell and Anderson 1986).

Significant spatial variation also was observed for the
steel rods incubated within the landfill site. On the
landfill site (Fig. 2), the depth to which rods were
highly rusted decreased significantly and progressively
from the crest (31.22 ± 3.92 cm) to the'toe (14.33 ± 2.86
cm) of the slope (F test, main effect of slope: p < 0.0001,
F = 9,74, df = 4,26). The most comprehensive set of
readings that documented the corrosion patterns of the
installed steel rods was taken in the late summer of
1992 from the landfill cover and the- berm. Data col-
lected on subsequent dates were more fragmentary,
owing to the loss of rods during mowing operations or
excavations conducted on the slope. The depth to which
the soil remained aerobic varied temporally (F test,
slope by time interaction: p - 0.045, F - 2.38, df = 8,26),
but measurements within each sampling period gener-
ally mirrored the trend depicted in Fig. 2.

Field Excavations
The results of the Section 2/8 excavations are summa-
rized in Table 2, In 1992 none of the planted individuals
had grown roots deep enough to encounter the clay
cap, although several species had relatively deep roots.
Because this group of plants included fairly substantial
trees (375-400 cm in height) and many of the specimens
were planted as bare-root stock, these results indicated
that, at the very least, young or small woody plants are
not likely to represent a danger to the cap. The few vol-
unteer plants that we examined originated from seed
one year earlier, but they did not have deep roots either;
however, our sample size was small.

In 1993, vertical root growth increased for the major-
ity of species that had been measured in 1992 (Wilcoxon
signed-rank test: Z = 2.70, f - 0.0069; Table 2). Maxi-
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Figure 2. Depth (cm) of rusting of steel rods at different slope
positions on the landfill, contrasted with the berm site. For the
landfill, means (±SE) repreient the averages of 7-9 samples
collected from August of 1992 to December of 1994; the site
value for the berm is the mean of 19 samples, The depth of
rusting indicates the depth of aerobic soil conditions.

mum rooting depth of the experimental plantings in-
creased slightly with depth of soil to the day cap (F test
of regression: F - 6.29, p - 0.017, d/- 1,37; r2 = 0.145).
There was some local variation away from the expected
on-site specification of 75 cm (one-sample / test: t =
4.08, p < 0.01). Depth to the cap varied from 30 to 100
cm, but all root systems were still well above the clay
layer (Fig. 3).

Vertical positioning of plants on the slope also had
several effects on root performance, although absolute
rooting depth did not vary directly as a function of dis-
tance from the slope base (F test of regression: p = 0.73).
First, overburden depth increased slightly from the bot-
tom to the top of the landfill site, averaging about 25 cm
deeper at the toe, although there was much variation (F
test of regression: F = 12.53, p - 0.0011, df = 1,37; rz =
0.253). Second, the percentage depth of the overburden

occupied by tree and shrub roots was —40% at the br'
torn of the slope, increasing to about 63% at the sk
crest. This was a slight but significant difference (F teSf
of regression; F = 10.84, p = 0.0022, df - 1,37; t* -
0.227). Third, the depth to which lateral fine roots pro-
liferated did not differ significantly with slope position
or depth to the capping clay (F tests of regression: p >
0.50); on average, lateral fine roots occupied the upper-
most 22.4 ± 1.9 cm of overburden.

Maximum lateral root depth was not significantly cor-
related with maximum vertical root depth (p < 0.88), but
the depth of lateral root proliferation was significantly
correlated with plant stem diameter (r = 0.415, p » 0.008)
and marginally correlated with plant height (r « 0.30, p •=
0.06). Also, as expected, height and stem diameter were
significantly and positively correlated (r - 0.597, p <
0.0001), but neither of these variables was correlated with
vertical rooting depth (p > 0.30),

In comparing root growth on the capped site with the
noncapped site, vertical rooting depths measured over
the cap were significantly less for all of the seven spe-
cies excavated at each site (Friedman's test, blocking on
species: \*r = 7.00, p < 0.01, df - 1; also see Fig. 4).
Also,the rooting depth attained by five of the seven spe-
cies on the berm was comparable to or greater than the
depth of the capping clay beneath the same species on
the landfill site (WUcoxon signed-rank test: Z = 0.73,;
0.46; Fig. 4). That is, the potential for root extension du.-
ing the study period was not achieved over the day cap.

Mycorrhizal Assessments

There wjis weak interdependence of location and my-
corrhizal type (G test of independence: G = 5.13, p =
0.023), but mycorrhizal infections in the landfill cover
material were more frequent in ECM plant species than
VAM plants, which were mostly uninfected (Pairwise
contrast: x2 = 5.30, p = 0.016). The latter result is sur-

Tible2. Physicochemical properties of surfnce nnd subsurface horizons measured in 1993, on the capped
landfill (Section 2/8) and on the noncapped control site (Richmond Avenue berm).*

Sife

Richmond
Berm

Section
2/8

Horizon

Surface

Subsurface

Surface

Subsurface

Clay
Barrier

pH
(2:1)

6.5b
(0.2)
7.3«
(0.3)
6.2b
(0.2)
3.7c
(0.2)
3.8c
(0.1)

Sand
W

57.55c
(0.39)
41.67d
(0.67)
85.93a
(0.86)
80.87b
(121)

0

Sill
f%>

21.27b
(0.41)
29J3a
(0.67)
5.87a
(0.53)
6.00»

(0-39)
0

Clny
(%)

21.18C
(0-42)
29.00d
(0.00)
8.20a

(0.54)
13.13b
(1.16)
100.00
(0.00)

Texturitl
Clflii

Sandy day
Loam
Clay Loam

Loamy Sand

Sandy Loam

Clay

Sample
n

11

3

15

15

9

•Muni (z SE) within thf "me column and followed by the inmt bold l«rttr in not lijnificmitly different otp - 0.05.
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Figure 3. Maximum rooting depth (Y, cm) versus overburden
depth (X, cm) for woody plants (all species combined) exca-
vated on the capped landfill site after the 1993 growing sea-
ion. The relationship between the two variables Is described
by thebest-fit equation: Y » 2034 (±6.12) + 0.226 (±0.090) • X-

prising, because the fungal symbionts associated with
roots of the grasses and legumes, which were planted
on these sites to control erosion, are exclusively endo-
mycorrhizal All fine roots sampled on the berm
showed signs o! rnycorrhizal infection, regardless of
whether they were from ECM or VAM plants (Table 3).

Occurrence of infection was also tested with soil
depth. Mycorrhizal infection was higher in the surface
soU, even though responses for the top samples were

Tablt 3. Infection of fine roots are taken from
ectomycorrWzal (ECM) and endomycorrhizAl (VAM)
trees and shrubi excavated at two locations on the
Freih Kills Sanitary Landfill.'

Location

MycarrtiizAl Type Occurrence Landfill Berm

ECM

VAM

Absent
Present
Absent
Present

5(8.5)
12 (S.5)
15 (11.5)
8(115)

0 (0.0)
2(2.0)
0 (0.0)
3 (3.0)

•Expected counts under the null hypothesis of independent* bttwwn raw (my
corrhtzol type) and column (location) eitegoriej art maximum-likelihood «tt-
mitn and art included In ptrenthcsef.

underrepresented in the data set, compared with side
and bottom sample categories (Table 4). Very low levels
of rnycorrhizal infection were found in. roots from the
bottom of the subsoil horizon on the landfill site.

Based on simple presence or absence, the proportion
of roots exhibiting signs of mycorrhizal infection pro-
gressively decreased from the surface (73%), through the
middle of the subsoil layer (45%), to the lowest roots in
the subsoil layer (20%). There were no differences in the
proportions of infected roots found in the subsoil along
the sides of the root balls, compared to the bottoms (pair-
wise contrast, side versus bottom roots: x2 =* 3.56, p =
0.059), and the top samples (side versus top roots: x2 =
1.84, p = 0.175). There was a significant difference in
mycorrhizal infection, however, between roots in the
topsoil and the lowest roots collected from the subsoil
(top versus bottom roots: x2 = 6.64, p < .0.01).

-lOtH

Q HMtllX tttOI IIMfil ltoo<ln« «tpw »trm CUy depth liraUM

Figure 4. Maximum observed vertical rooting depth for seven
tree and shrub species excavated in 1993 on the landfill and
berm sites. Maximum depth of overburden to the capping
clay associated with.each of the individual woody plant exca-
vations is also reported /or each species.

Discussion '

Root Morphology in Engineered Soil*
Root systems of woody plant species can generally be
categorized as having one of three forms (Sutton & Ti-
nus 1983): (1) a taproot form, which is characterized by
a strong, central, vertical root stock; (2) the heartroot,
with numerous primary and secondary laterals and ob-

Table 4. Occurrence of rnycorrhizal infection (ECM and
VAM data combined) with increasing soil depth on the
capped landfill site.

Occurrence of
Infection

Absent
Present

Top

2 (4.07)
5 (2.93)

Position

Side

18 (19.20)
15 (13.80)

Bottom

12 (8.73)
3(6.27)

'Cxptcted cnunu under the null hypollicsit of independence between the row
(occuirincc) and column (position) categoric* arc miximum-likelihood «ti-
nutes uul in included In parcnehcuf '
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liquely angled roots that can penetrate the soil to some
depth; and (3) the flatroot type, which is plntt-shaped,
and where most of the vertical roots arc shallow and fi-
brous. Species-specific differences in root morphology,
however, may not provide an effective basis for select-
ing species appropriate for growth above a clay barrier.
There is a complex interplay between genetically deter-
mined properties of root form (Wagg 1967) and envi-
ronmental or abiotic factors, which constrain root-sys-
tem spread, root density, orientation, and depth. These
factors include soil mechanical resistance, moisture sta-
tus, aeration, pH, and temperature, which are them-
selves extremely variable both temporally and spatially
(Gregory 1987). With respect to engineered soils, root
growth is plastic and, therefore, root-form distinctions
blur. After early stages of seedling development, the
roots of trees and shrubs will respond to soil properties
rather than express an unalterable genetic developmen-
tal program, blind to environmental conditions-

The vertical development of root systems is markedly
affected by conditions of soil texture and aeration, often
showing greater variation within rather than among
soil types (Preston 1942; Horton 1958; Taylor 1971; Dex-
ter 1987). For example, heavy compaction in non-day
soils, such aa mine spoils, has been given as an explana-
tion for the lack of forest development on a variety of
degraded sites. Occasionally, root systems of woody
plants can exploit fractures, cracks, and joints in dense
soil strata, allowing sinker roots to penetrate and subse-
quently explore lower soil horizons. But adverse chemi-
cal conditions, such as metal toxitity, salinity, or ex-
treme values of pH, can represent a more effective
barrier to both root proliferation at depth and establish-
ment of associations with mycorrhizal and nitrogen-fix-
ing symbionts (Stone & Kalisz 1991). Robinson and
Handel (1995) reported the acid-generating sulfide
clays, which are frequently employed in landfill cap-
ping operations in the New York metropolitan area,
represent a particularly poor-quality substrate, inimical
to root growth and penetration.

The interaction between the expanding root system
and a soil medium that varies spatially and temporally
between favorable and unfavorable conditions (e.g.,
hardpan formation, periodic anoxia due to flooding)
will further determine if a prominent single taproot
persists or if the plant adopts a heart-shaped or plate-
shaped root form. Consequently, the better the quality
of the overburden specified for closure, the more favor-
able this soil zone will be for lateral root development.

D-«lgn and Management Implications

Ov«r 3 years of growth by a variety of woody plants, no
damage to the clay cap barrier was observed, consistent
with the results from the Brookfield landfill study (Rob-

inson & Handel 1995). Like those species examined J'ir-
ing that study, the woody plants excavated at js\
Kills represented a wide array of potential growth
forms. Many of the planted species certainly had the ca-
pability of extending vertical roots below the depth of
the overburden placed over the clay cap (Stone Sc Kalisz
1991), yet all remained above the cap. Dobson and Mof-
fat (1993) noted that tree roots were unlikely to grow
into soil layers with inherently high bulk densities,
which approach those recommended for an engineered
clay cap (1.8-1.9 g cm~3). Discontinuities in physical
structure between the clay barrier and hydraulic protec-
tion layer can inhibit downward root extension, not
only through large differences in bulk density between
the soil layers, but also through abrupt reduction in the
size distributions of the available pore spaces (Dobson
& Moffat 1993). As a reduced pore volume leads to lim-
ited gas diffusion and exchange, root growth in these
zones can be physiologically as well as physically im-
peded.

The relatively restricted root growth at Fresh Kills
can be interpreted as additional evidence that root form
of these species is plastic, and that vertical proliferation
of roots will occur more strongly under benign soil con-
ditions, as observed on the Richmond Avenue berm. In
addition to no plant roots growing through or into the
capping clay, roots above the clay exhibited dep d
growth when compared to identical plants in me—^a-
vorable soil (e.g., Fig. 4).

Similarly, the overall incidence of mycorrhizal infec-
tion was low in the landfill cover materials, but it would
appear that the presence or absence of mycorrhizal in-
fection was more important than the degree of infection
of roots in the subsurface and surface soil layers. Endo-
mycorrhizal fungi are much less specific than ECM
fungi in terms of their host plant associations, but there
may also be a "mismatch" between endobiont and host
VAM fungi encountered in the landfill cover material
may more readily infect the herbaceous plant species
present than the woody species that were installed on
the sites. Moreover, the intensity of VAM infection has
been shown to decrease as available soil phosphorus
decreases (Allen 1991). High extractable phosphate and
nitrate concentrations may be a common feature of
cover soils in this landfill complex (W. F. J. Parsons and
J. G. Ehrenfeld, unpublished data).

We interpret the decrease in the percentage of over-
burden occupied by roots as a response to the much
wetter soil conditions at the bottom of the slope (to the
extent that many wetland species such as rushes and
sedges have naturally invaded only the lower slope).
The woody toots of most ir\stalled plar\t species will not
invade waterlogged soils, and they remain in thr
saturated upper layers. Consequently, the roots at ^^*e
lower slope positions were kept even more distant from

114 Restoration Ecology JUNE iw
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the clay cap because of hydrologic constraints. As Dob-
son and Moffat (1993) noted, even species that are adapted
to flooding, such as Acer rubrum, had poor growth per-
formance when their root systems were installed in
landfill cover materials subjected to waterlogging. In
our study, many roots taken from the bottom of the
subsurface horizon were moribund or dead, and given
the extremes of pH and anoxia (as suggested from the
rod data) that characterize this environment, it is not
surprising that the incidence of mycorrhizal infection
was zero or near zero.

Because the clay barrier layer is not only nutrient-
poor but also inhibits nutrient uptake (by acidifying the
root-soil interface or sequestering nutrient ions within
day interstices), root growth into capping clays (espe-
cially pyritic days) should be minimal. Also, unlike re-
sults reported from the Brookfield landfill (Robinson &
Handel 1995), the pH of soil beneath individual plants
excavated on Section 2/8 was at least as low as that of
the underlying day, suggesting acidification of the
sandy protection layer by the clay cap. Other properties
of this clay (such as high sulfide concentrations and mo-
bilized heavy metals are as Fe, Mn, and Al) create a
toxic local environment that retards root growth. The
blackening of the lower portions of the rods, especially
those implanted near the base of the slope, was likely
attributable to sulfide production (Carnell & Anderson
1986) and, therefore, is indicative of a strongly anaero-
bic environment.

Minor cracks, breaches, or other discontinuities in the
clay cap (e.g., incurred by slumping or subsidence) might
be sites of root penetration if they are not repaired. Based
on our understanding of the engineered soil profiles
such as those employed at municipal landfills, how-
ever, even this type of root penetration should be mi-
nor, because the cap is overlain by a layer of anoxic, nu-
trient-poor sand, often suffused with methane, carbon
dioxide, hydrogen sulfide, and other metabolically in-
hibitory gases. Thin, probing Uproots might penetrate
through breaks or pores in the clay cap. But these fis-
sures or breaks are "hot spots" for unregulated effluxes
of landfill gases through the cover materials; continual
outward diffusion of methane contributes to anaerobio-
sis through mass displacement of other gases from the
soil atmosphere and through oxygen consumption by
methanotrophic bacteria (Dobson & Moffat 1993). Roots
would be expected to die back or cease growth in this
type of inhibitory microenvironment, and not expand
in length or girth as would be expected in a benign soil
environment. Studies conducted by the Environmental
Protection Agency have clearly shown the damage to
plants growing in high concentrations of noxious land-
fill gases (Flower et al. 1977). Rather than the plant chal-
lenging the landfill cap, the net result would be that the
plant itaelf is challenged.
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Penetration of Douglas-fir Seedlings
into Compacted Soil

PAUL HEILMAN

ABSTRACT. This cxperimem was designed to examine the relationship of soil compaction lo
root growih m one sandy loam and two loam soil materials. The experiment was conducted under
controlled environment using test cores of experimentally compacted soils ranging in bulk density
(BD) from 1.3 to 1.77 fi/cnv1. Root penetration of 35-to 45-day-old seedlings varied considerably
among seedlings but generally declined linearly with increase in BD (r for each soil varied from
0.60 lo 0.71). Using the regression equations, the values for BD estimated to prevent root pen-
etration by most seedlings, varied from 1.74 to 1.83 g/cnr1. These values are higher than previously
reported for Douglas-fir but generally compare to those reported for other plants in loam soils.
The corresponding pore space ai which rooting was prevented varied from 30 to 27 percent.
When downward growth was restricted by high BD most roots grew laterally in the uncompacted
surface soil to a greater total length than they grew vertically at the lowest BD level. Top growth
of seedlings in this experiment was noi significantly affected by BD. Root impedance in relation
10 effects of compaction and variability of root penetration among seedlings are discussed. FOR-
EST Set. 27:660-<)66.

ADDITIONAL KEY WORDS. PseudtHiufo mcntifsii. soil bulk density, loiaJ soil porosity.

REDUCED GROWTH OF TREE SEEDLINGS in soils compacted by vehicular activity
has been demonstrated in field studies with loblolly pine (Hatchel and others
1970) and Douglas-fir (Pseudotsuxa mcnziesii (Mirb.) Franco) (Youngberg 1959.
Froehlich1)- Soil compaction has similarly reduced root growth and root penetra-
tion in pot studies with loblolly pine (Pinus laeda L.) (Foil and RaJston J967) and
Douglas-fir and western hemlock (Tsiiga hcieraphylla Raf. Sarg.) (Pearse 1958).
Even a relatively minor increase in soil density can have significani adverse
effects on tree seedlings. For instance. Froehlich1 found 12 to 20 percent reduc-
tion in height growth of 4- and 5-year-old planted Douglas-fir where soil compac-
tion produced only an 8 to 10 percent increase in bulk density (BD). The BD
values after compaction in that study were around 1.0 g/cm3. Reduced root growth
at that BD was also observed by Pearse (1958) with Douglas-fir seedlings on a
sandy loam soil. Results of the study by Foil and Ralston (1967) with loblolly
pine show similar results with both root length and root weight decreasing linearly
with increase in BD above about 0.9 g/cm3.

Other workers investigating the relationship of root growth to soil compaction
have been concerned with determining the upper limit of soil compaction for root

' Froehlich. H. A. (Not dated.) The effect of soil compaction by logging on forest productivity.
Forest Eng Dep. Oreg State Univ. Corvallis. final report to Bur Land Manage. Portland. Oreg.

The author is Forest Scientist. Western Washington Research and Extension Center. Puyallup.
Washington 98371. Scientific Paper No. 5628. Prpieci No. 0531. College of Agriculture Research
Center. Washington State University. Pullman. The author is grateful lo Christine Skjerping for
assistance on this project and lo William Scott and H. A. Froehlich for review of an early drafi of this
manuscript. Manuscript received 8 May 1980.
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TABLE L

Property

Texture class
Sand percent ..
Silt percent .
Clay percent .

Field bulk density . . . . g/cm' . .

Panicle density g/cm' ..

pH

Organic matter percent ..

Kjeldahl N percent ..

1 Spoils after mining.

penetration. That limit was
cm3 for western redcedar I
glacial til) (Forrista]] and G<
but less than 1.59 g/cm3 wa<
(Minore and others 1969). 1
compaction and bulk densii
factors. These can include di
of the effect of soil particle
than BD is recommended a;

The objective of this stui
impedance of roots of Dougl
limit of soil compaction foi
growth to variation in soil d

MATERIALS AND METHODS

The three soil materials us
series, (2) mixed topsoil of I
kumchuck formation sands
subsoil materials associated
Washington. These soil seri
The Salkum series was forrr
(the Logan Hill formation)
Tertiary siltstone and sandst
Similar sedimentary rocks o
egon (Snavely and others 1
kumchuck formation sandst
about 7 m and a maximun
composite of the entire dep
consisted of composites of
in t'lese soils. The material:
storage piles, one obtained
an area of Melbourne and <

1 Scott. W. Weyerhaeuser Rest!



MAR 2b '98 0b:0c:PM LINDfl HflLL LIBRARY P.4

"V".

dlings

of soil compaction to
c was conducted under
ranting in bulk density
gs varied considerably
r each soil varied from
d to prevent root pen-
higher than previously

:r plants in loam soils,
rom 30 to 27 percent,
lly in the uncompacted
: BD level. Top growth
: impedance in relation
gs are discussed. FOR-

jj soil porosity.

>y vehicular activity
Hatchel and others
>) (Youngberg 1959.
th and root penetra-
id Ralston 1967) and
Jarg.) (Pearse 1958).
significant adverse

:o 20 percent reduc-
where soil compac-

isity (BD). The BD
leduced root growth
is-fir seedlings on a
(1967) with loblolly
t decreasing linearly

i to soil compaction
compaction for root

g on forest productivity.
>gc. Portland. Oreg.

;njion Center. PuyaJlup.
of Agriculture Research

• Christine Skjerping for
* of an early draft of this

r\

I

TABLE I. Properties af three soil materials-

Property

Texture class
Sand
Silt
Clay

Field bulk density .

Panicle density . . .

PH

Kjeldahl N

. . percent . .

. . percent . .

. . percent . .

. . . g/cm3 . .

. .. g/cm3 ..

. percent

. . percent . .

Melbourne-
Central ia

Loam
54
27
19

1.32 ±0.06

2.52

5.0

2.1

0.065

SaJkum-
Praiher

Loam
47
:9
24

1.33 -L 0.08

2.50

5.3

1.8

0.047

Weathered
subsoil

Sandy loam
56
30
14

M.52 ±0.12

2.47

4.8

0.3

0.012

Spoils after mining.

penetration. That limit was estimated to be 1.25 g/cm3 for Douglas-fir and 1.8 g/
cm3 for western redcedar based upon root distribution in soils on compacted
glacial till (Forristall and Gessel 1955). A higher limit for Douglas-fir, about 1.45
but less than 1.59 g/cm3 was found in pot studies with seedlings in a sandy loam
(Minore and others 1969). The differences that have been reported in effects of
compaction and bulk density on root growth can be attributed to a variety of
factors. These can include differences in texture and soil particle density. Because
of the effect of soil panicle density on bulk density, percent pore space rather
than BD is recommended as an index of soil compaction (Scott1).

The objective of this study was to examine the effect of compacted soil on
impedance of roots of Douglas-fir seedlings. I was interested not only in the upper
limit of soil compaction for root penetration but also the relationship of root
growth to variation in soil density.

MATERIALS AND METHODS
The three soil materials used in this study were (1) mixed topsoil of Salkum
series, (2) mixed topsoil of Melbourne-Centralia series, and (3) weathered Skoo-
kumchuck formation sandstone subsoil (Table I). They represent topsoil and
subsoil materials associated with an open-pit coal mine operation near Centralia.
Washington. These soil series are fairly extensive in southwestern Washington.
The Salkum series was formed from highly weathered glacial till parent material
(the Logan Hill formation) and the Melbourne and Centralia series were from
Tertiary siltstone and sandstone parent materials (the Skookumchuck formation).
Similar sedimentary rocks of Tertiary age are widespread in Washington and Or-
egon (Snavely and others 1958). At the coal mine, the weathered zone Skoo-
kumchuck formation sandstone is yellowish brown and has an average depth of
about 7 m and a maximum depth of about 20 m. The subsoil sample was a
composite of the entire depth of weathered material. The two lopsoil samples
consisted of composites of A and B horizons comprising roughly the top 60 cm
in these soils. The materials used in this study were collected from two topsoil
storage piles, one obtained from an area with Salkum series and the other from
an area of Melbourne and Centralia series. The methods of removal of topsoil

' Scott. W. Weyerhaeuser Research Center, Centralia. Wash. Personal communication.
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and placement in the storage piles result in a high degree of mixing, nevertheless
care was taken to assure the collection of representative samples. All reported
analyses were on the composite samples as collected

Experimental treatments consisted of the three soil materials, two soil moisture
levels, three levels, of soil compaction with two replications.

The soils were collected wet and were partially dried in the laboratory and then
sieved through 0.6 cm mesh screen. The two moisture levels comprised (1) moist
soils with 15.0 r 1.2 to 19.8 ± 0.5 (standard deviations) percent water on a dry
weight basis and (2i wet soils with 17.2 ± 0.3 to 21.3 ~ 0.9 percent water. The
wet soils were obtained by adding water to half of each soil and allowing the
water to equilibrate with the soil for I week. Curves of soil water potential vs.
percent soil moisture content were determined for the three soil materials (Camp-
bell and others 1973). Using these curves, water potential for moist soils was
estimated to van- from 0.2 to 0.7 bar and in wet soils from 0.1 to 0.4 bar depending
upon soil type and compaction level. Water potentials in the Centralia-Melbourne
soil were lower than in the other two soils.

The variation in BD was obtained by compressing soil with a Carver hydraulic
press (Fred S. Carver. Inc.. W142 North. 9050 Fountain Blvd.. Menomenee Falls.
Wl 53051). The pressures needed to obtain desired BD's were determined for
each soil moisture level in preliminary testing. Compaction pressures varied
among soils and soil moisture levels between 4.9 and 9.8 kg/cnr for low com-
paction. 13.6 to 29.2 kg/cma for intermediate compaction, and 34.4 to 93.5 kg/cnr
for high compaction. Higher pressures were required with the finer textured Sal-
kum soil and for the lower soil moisture levels. Final BD values were calculated
for each plot from measurement of volume and weight of the soil after compaction
and thus the values are means for the test cores. Uniformity of compaction within
the individual cores was not evaluated.

The soil was compressed into 10-cm-long cylinders cui from 7.7-cm diameter
polyvinylchloride pipe with a wall thickness of 0.6 cm. These cylinders formed
the planting containers. The quantity of soil added to each was 250 g (oven dry
basis). The compacted soil occupied the bottom 3.0 to 3.9 cm of the cylinders.

Stratified seeds of Douglas-fir collected from low elevation in Cowlitz County
Washington were sown on the surface of the soils immediately after compaction.
Twenty-three seeds were used in each cylinder. The seeds were then covered
with 100 g of loose soil of the same kind and moisture content. The soil covering
was then lightly tamped to a density of 1.2-1.3 g/cm3 and an approximate depth of
1.7 cm. To maintain soil moisture and prevent soil shrinkage, the ends of each
cylinder were covered with polyethylene film fastened with rubber bands. Clear
2 mil plastic was used on the top end to provide light entry for the seedlings. This
arrangement allowed the level of the upper plastic to be raised as more space was
needed for height growth of the seedlings. Black 1.5 mil plastic was used on the
lower end of the containers. Soil moisture loss was negligible over the course of
the experiment. Moisture levels in the soils averaged 19.0 percent initially and
18.8 percent at the end of the experiment.

The seeding containers were placed in a controlled environment chamber, half
incandescent and half fluorescent lighting initially providing 17 h per day of 2,150
lux of illumination. This was increased to 3.550 lux 18 days after planting. Tem-
perature was controlled at approximately 21°C and relative humidity was main-
tained at 85-90 percent to help minimize the loss of moisture from the containers.
No water was added to the soils during the experiment and the plastic was not
removed during the course of seedling growth.

Seedlings were harvested starting 35 days after planting and continuing for the
next 10 days. For harvest the soil was removed from the cylinders by first cutting
through the sides of the cylinders with a bandsaw. Measurements of emerged
seedlings included length of stem and roots. Root measurements included total
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ROOT PENETRATION
IN TEST COR£S

(on)

SOIL BULK DENSITY (g/cm3)
FIGURE I. Root penetration by Douglas-fir seedlings in compacted test cores in relationship 10 bulk

density. Regression equations for each soil are as follows: (I) Salkum (open dots) y - 10.19 -
5.87* (r = 0.60. P - 0.0001): (2) Melbournc-Centralia (triangles) y = 12.00 - 6.5St (r* * 0.63.
P = 0.0000; (3) weathered subsoil (solid dots) y * 12.79 - 7.3ir (r= = 0.71. P = 0.001).

length of the primary root (whether or not it penetrated the test layer of soil),
length of primary root penetration into the test layer of compacted soil and finally
vertical penetration of the primary root into the test layer of compacted soil. Soil
moisture content was determined at time of harvest.

Statistical analysis of data was by analysis of variance (ANOVA) and Duncan's
multiple range test (DMRT) at the 5 percent level of significance.

RESULTS AND DISCUSSION

Harvest and measurement of seedlings were done randomly within each repli-
cation in order to minimize the effect of time of sampling on the results. Mean
harvest day for the 3 bulk density treatments ranged from 5.6-6.1 days, for the
3 soils 5.6-6.0 days, and for the 2 moisture levels 5.5-6.1 days.

Both total penetration and vertical penetration of primary roots in test layers
of compacted soils were significantly reduced by increased BD according to AN-
OVA (P -s 0.0001).

Regression analysis showed that primary root penetration into compacted soils
declined linearly with increase in BD (r2 = 0.80-0.86; Fig. 1). Linear decreases
in root-penetration and growth with increase in BD were reported for corn (Phil-
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TABLE 2. Effect of soil compaction on length of primary root penetration in
compacted soil.

Length of primary root penetration in compacted soil

Least compact Intermediate Most compact
Soil material (BD 1.38 g/cm1) (BD 1.57 g/cmj) (BD l.76g/cmj) Mean

Melbournc-Ccmralia
Salkum-Pralher
Weathered subsoil

Mean

3.85 a1

3. 26 a
3.49 a

3.51 a'

2.25 b l.09c
l.28c
t.30c

1.61 b'

0.06 d
0.07 d

0.46 c'

2.35 a
1.68 b'
].89b'

1 Values and means not followed by the same letter are significantly different according to Duncan's
multiple range lest (P « 0.05).

lips and Kirkham 1962). apple trees (Webster 1978), and certain conifers (Pearse
1958, Foil and Ralston 1967).

Root penetration data for the three soils is shown in Figure 1 along with the
regression lines. Wide variation is evident particularly at the two lower compac-
tion levels. Here much of the variation was due to differences in seedling vigor
since values for all emerged seedlings were plotted regardless of seedling size.
Variation at high bulk density is more important since, if these roots were not
following soil cracks or zones of lower resistance at the interface of the soil and
the container, it suggests that individual plants are capable of rooting in soils too
dense for the majority of the population. Such avenues for root penetration were
not evident, in keeping with the measures taken to prevent moisture loss, nor did
the roots penetrating compacted soils appear to be following such pathways.

Using the regression equations, estimates were made of average BD values
restricting root penetration for most seedlings in the various soils. These were
Melbourne-Centralia 1.83 g/cm3. Salkum 1.75 g/cms. and weathered subsoil 1.75
g/cm3. These values are considerably higher than the maximum of 1.59 g/cm3 for
Douglas-fir root penetration reponed by Minore and others (1969) for a sandy
loam soil under differing experimental conditions. The values from this experi-
ment generally correspond to the upper limit for root penetration by apple trees
in loam and sandy loam soils (Webster 1978) and for sunflowers in loams (Veih-
meyer and Hendrickson 1948). Data on primary root length in compacted soils
(Table 2) show significant differences in rooting among soils in both average root
growth and the effect of BD on root growth. The Melbourne-Centralia soil with
higher organic matter and also lower average moisture potential was less restric-
tive to root penetration than the other two soils.

Seedling heights were not significantly affected by BD. Seedling heights were
significantly higher in the two topsoils (6.55 and 6.41 cm) than in subsoils (5.69
cm). Taller seedlings were found in wet soils (6.38 cm) than in moist soils (6.01
cm). Thus, in this experiment, effect of soil compaction on root penetration was
not reflected in top height of seedlings, contradicting the work cited earlier for
older, field-grown seedlings by Hatchel and others (1970). However, seedlings in
this experiment utilized the loose upper layer of soil, particularly those from the
most compacted treatment. Table 3 shows total lengths of primary roots were
considerably greater at the highest level of compaction. The restriction on down-
ward root penetration at highest compaction apparently stimulated root elonga-
tion into the loose upper layer with a concurrent loss of geotropism. Many of
these roots grew on top of the compacted soil along the interface of the soil and
the plastic container. At the highest compaction the longest primary roots grew
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TABLE 3. Effect of soil compaction on the total length of primary root in com-
pacted soil and in the noncompacted surface layer.

Total length of primary root

Soil material
Least compact

(BD 1.38 a/cm5)
Intermediate

(BD 1.57 g/cm3)
Most compact

(BD 1.768/cm3) Mean

cmlseedlinti
Melbounte-Centraiia
Salkum- Prather
Weathered subsoil

Mean

3.93 b1

J.27bc
3.51 b

3.55 b1

2.31 c
3.29 be
2 . I 3 C

2.60 c'

4.37 b
6.33 a
6.23 a

5.56 a'

3 .58 a'
4. 19 a'
3.91 a'

1 Values and means not followed by the same letter are significantly different according to Duncan's
multiple range test (P < 0.05).

in the Salkum soil and the subsoil, both of which were the most restrictive to root
penetration at high compaction. Such a response by these roots may indicate an
adaptation of roots to the restriction of downward root penetration.

Relatively high soil moisture in this experiment together with the narrow range
of moisture (0.1 -0.7 bars) resulted in a relatively minor effect of moisture and no
significant interaction of moisture x BD on root growth and penetration. Soil
moisture did not significantly affect total length of primary roots (P =s 0.297) or
vertical root penetration in the compacted layer (P ^ 0.085), but primary root
length in the compacted layer was significantly greater (P ^ 0.031) with the higher
moisture level. Mean primary root lengths per tree in compacted soils were 2.13
and 1.83 cm for wet and moist soils respectively. These values were not signifi-
cantly different according to DMRT. Somewhat drier moisture levels would likely
have increased the effect of moisture on root growth since soil strength is influ-
enced more by soil moisture at lower moisture levels (Taylor and Gardner 1963).
Relatively high moisture levels were used in this experiment in order to evaluate
the effect of soil density on root penetration when soil strength is lowest.

Values from this experiment for the upper limit of BD for root penetration by
very young Douglas-fir seedlings are higher than reported for older Douglas-fir
in the field. However, factors other than mechanical impedance often limit root
penetration in compacted soils under field conditions. Anaerobic conditions are
likely to limit root growth in compacted finer textured and poorly drained soils
whereas mechanical impedance is more likely to limit root growth in coarse tex-
tured and well-drained soils (Webster 1978). An example of the former case is
the limiting of Douglas-fir roots in a poorly drained, relatively fine-textured soil
at BD of 1.25 g/cm8 (Forristall and Gesscl 1955). No evidence of poor aeration
or reducing conditions was evident in the cores of the compacted soil in this
experiment. The range of levels of compaction in this experiment have been
reported in the field on log skidding trails (Youngberg 1959) and even higher
values have been measured on coal spoils (unpublished data by the author).

The total percent pore space (PS) at which rooting was prevented for most
seedlings was 27 percent in Melbourne-Centralia and 30 percent in weathered
subsoil and Salkum soils. The PS was calculated from BD limiting root penetra-
tion and the particle density (PD) of each soil: PS = 100(1 - BD/PD). The two
highest values for porosity are similar to porosities reported to be limiting to root
growth in apple trees by Webster (1978).

Of perhaps more significance to rooting and tree growth than the upper limit
to root penetration is the linear decline in rooting with increase in BD between
1.37 and 1.77 g/cm1. Thus, any increase in BD within that range will likely cause
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reduced rooting. Relatively minor compaction at BD's even lower than above
significantly reduced Douglas-fir growth in the field (Froehlich1)-

Results of this study indicate need for more field study of the effects of soil
compaction on Douglas-fir root and top growth. More study is also needed of
various measures such as ripping and subsoiling for reducing adverse affects of
compaction in disturbed soil areas.

The apparent wide variation in the ability of Douglas-fir seedlings to root in
compacted soils has received little attention by forest geneticists. If such variation
is verified, seedling selection for tolerance to soil compaction could provide a
new approach to the problem of soil compaction on forest lands.
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Windtkrow
and

Pit and Mound Microtopography
Old-growth forests, by definition, are relatively natural and have been influenced by a variety of
natural disturbances. In the eastern deciduous forest in general, and in West Virginia's mountainous
mixed-mesophytic forest in particular, windthrow is a common occurrence. Occasionally, large
patches or "stands" blow over, leaving few standing canopy trees, but more commonly one or a few
trees will blow over, forming a small canopy gap. As trees blow over, often their huge root systems
get uprooted and violently torn from the forest floor, leaving a large mound of mineral (subsurface)
soil immediately adjacant to the resulting pit. "This process is complex, and is influenced by a number
of factors, including the physical crown and stem condition of the tree(s), the position of the tree(s)
in the canopy, density of the canopy, surface and subsurface soil conditions,past disturbance, wind
direction / speed / duration, and many other factors. Thus, it is very difficult to predict the spatial and
temporal patterns of windthrow disturbance, and it is often assumed to be a random or stochastic
process (that is, the resulting pattern of windthrow cannot readily be differentiated from a random
pattern). This doesn't necessarily mean it/s random, but rather that we can't yet statistically tell it
apart from a random pattern.

The pit and mound microtopography that results from windthrow is a natural and characteristic
physical feature of most old-growth forests (although by no means an expert, I havn't experienced an
old-growth forest that didn't have pit and mound microtopography). This doesn't mean that, by itself,
pit and mound topography indicates old-growth status; in fact, most forests that havn't been plowed
or otherwise altered by intensive agriculture (heavy forest grazing, for instance) have pits and
mounds. Old-growth forests, however, typically have a higher density of pits and mounds relative to
second-growth forests. Therein lies the difference - much like the other characteristics associated
with old-growth status, the measure is one of degree rather than a simple absolute (a continuous
versus a discrete measure).

Pits and mounds in the soil have an influence on the understory biotic community in a variety of
ways. Certain species, for instance, are positively associated with mounds, while others are more
common in pits. Mound soils tend to be relatively dry, while pit soils are often more moist; pH may
differ as well, with mounds often being more acid than their companion pits. Note that pits and
mounds do not exists by themselves, but rather result from an opening in the canopy, a "canopy gap".
The uprooted windthrow not only creates a new substrate for colonization, but also exists in an area
that is typically higher in direct beam radiation, higher in soil moisture during the growing season,
has warmer and drier air, and has a more extreme temperature flux, among other differences. Either
in isolation or as factors in a complex process, the ecology of pit and mound dynamics provides a
variety of challenging questions that relate pattern to process, and whose answers may help us to
better understand old-growth forests.

In this picture, a recent, fairly typical windthrow provides an idea of the size that pits and mounds
might take. The root-wad is still in the early stages of decay, and in a few years as the roots
decompose and shed their mineral soils the mound will be fully formed. Some mounds form more or
less instantaneously, while others form over several years; this one is probably somewhere in
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between the two extremes, and formed when a 160 year old white oak was blown over in a
windstorm during the winter of 1995-96. This photo was taken in April of 1996; a year later the

I mound is perhaps a foot lower and relatively
broad. The pit that my son Reese is standing in
is approximately 24" deep and about 6' wide.

1 During the first summer, the pit was colonized
by Rubus spp., Sassqfrass seedlings, and
greenbrier (Smilax spp.), while very few plants
invaded the eroding mound (mostly Rubus).
These species are characterise of disturbed
soils and high light conditions; they are "early
successional" and "disturbance-loving",

I growing and reproducing quickly in openings
I of various sizes. Windthrow mounds, and the
' canopy gaps that form over them, are probably

the historical "niche" within which these early successional species evolved. Notice the downed log
to Reese's right (upper left corner); perhaps anopening in the canopy from several years ago
weakened the white oak, causing it to blow over sooner that it otherwise would have without the
adjacent opening.

The windthrow mound at lower right is much, much older. It is probably between 75 and 100 years
old, perhaps forming when one of the non-mechantable, non-harvested remnant trees blew over
following the first cutting. Notice the patchy nature of the ferns growing in the pit, and the violets
and other species growing on the mound (sorry about the quality of the photo - its another original
slide). This photo was taken in a sugar maple-beech-basswood forest, a very rich site with a diverse
understory.The plants growing in the strip at the bottom of the pit (now largerly filled in with soils
and organic matter) are Christmas fern
(Polystichum acrostichoides); the herbs
growing on the strip about halfway down
the mound are Viola spp.. John Thompson
(1980) found that certain herbs were
associated with pits and mounds in an
examination of herb colonization in three
mesic old-growth areas, similar to the one
in the picture, and others have found the
same (Bratton 1976). Thompson's sfody
focused specifically on frequency of
occurrence and probability of colonization
for windthrow pit-mound sites and fallen
logs. He stimated colonization probabilities
by sampling adjacent species and measuring their respective distances to the disturbed areas. His data
suggests that species composition of pit-mounds probably results from short distance colonization by
vegetative spreading and seed dispersal. Ants apparently dispersed many of the species that
colonized mounds.
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GROWING TREES ON COMPLETED SANITARY
LANDFILLS

/ A Leone, E F Oilman and F B Flower*

Introduction

Landfilling is recognised as probably the most convenient and economical
method of solid waste disposal in the United States and throughout most of the
world. Current practice entails the spreading of refuse on the ground in thin
compact layers covered daily by an inert soil for the purpose of curtailing litter
and water infiltration as well as to discourage insect and rodent infestation
(BRUNNER and KELLER, 1972). The completed landfill (Figure 1), consisting of
successive layers of horizontal cells, each 10 to 20 feet deep, topped by a final
cover, reaches a considerable depth. Post closure plans for such sites preclude
any that require excavation or the erection of permanent structures (FIRST, 1966;
SOWERS, 1968). It is generally recommended that former refuse landfills be
developed into parks, golf courses or other open-space recreational areas, most
of which require the establishment of vegetation (ANON, 1965).

Brief History

A survey of close to 100 former landfills throughout the United States (FLOWER
et al, 1977) has revealed numerous problems for vegetation, especially
deep-rooted woody species, at tempting to grow in such environments.

Although soil factors such as settlement, poor fert i l i ty, low moisture content
and high bulk density winter in ju ry and predatory animals accounted for many
of observed failures in vegetation growth, the great majority of the cases of poor
growth were attributable to the presence in the soil atmosphere of gases,
particularly carbon dioxide (CO2) and methane (CH4) evolved through the
anaerobic decomposition of organic wastes (FLOWER et al, 1978).

Previous to 1965, open burning was a common component of landfilling. While
this created air pollution and vector control problems, the residual material was
essentially non-biogradable and much less prone to settlement or gas develop-
ment after landfill closure. Present day policy, however, prohibits open burning;
and, hence there is more organic matter available for exploitation by
gas-generating micro-organisms. Preliminary decomposition of organic fractions
takes place through the activity of aerobic micro-organisms. Eventually, when
the oxygen is depleted, anaerobes come to the fore and continue the
decompositional process in the absence of free oxygen (ROVERS et al, 1959).

'Dept of PUnl Pathology ind Co-operative Extension Service, Cook College. The New Jersey Agricultural Experiment
Station. Box 231. New Brunswick. New Jersey 0890J. USA.
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TABLE 1. Landfill gases and possible concentrations in soil atmosphere.

Methane (60%)
Carbon dioxide (85%)
Carbon monoxide (Tr)

Ethane (Tr)
Ammonia (Tr)
Hydrogen sulphide (Tr)

Ethylene (Tr)
Propylene (Tr)
Hydrogen cyanide (Tr)

Excessive amounts of CO2 in the soil have previously been reported to be
phytotoxic (WIEGAND et al, 1959). Methane, though reputedly non-toxic per se,
may limit soil Oi through displacement or by serving as a nutrient source for
methane-consuming bacteria which deplete the oxygen supply (HOEKS, 1972).
Other gases known to be deleterious to plant growth such as ammonia,
hydrogen, hydrogen sulphide, mercaptans, and ethylene (Table 1) may also be
present in trace amounts.

The soil-contaminating gases may travel laterally as well as vertically. The first
observation of injury to vegetation by landfill gas was made in corn and sweet
potato fields of a farm in southern New Jersey located approximately 200 m
from an actively operating landfill (FLOWER et al, 1977; LEONE et al, 1977).

Research Plan

The difficulty encountered in establishing successful plantings on landfills
prompted the group at the New Jersey Agricultural Experiment Station to

TABLE 2. Species selected for vegetation growth experiment at Edgeboro landfil l .

Latin name

Acer rubrum
Euonymus alaius
Fraxinus lanceolata
Ginkgo biloba
Gleditsia triacanthos
Liquidambar siryaciflua
Myrica pennsylvanica
Nyssa sylvatica
Populus sp.
Picea abies
Populus sp.
Platanus occidentals
Pinus sirobus
Pinus thunbergii
Quercus palustris
Rhododendron roseum elegans
Salix babylonica
Tilia americana
Taxus cuspidate capilata

'Sck-clion criteria: 1. Tolerant of low O;
lukTjncc. 5. Tolerant to city conditions 6.

Common name

Red maple
Winged-euonymus
Green ash
Ginkgo
Honey locust
Sweet gum
Bayberry
Black gum
Poplar (hybrid)
Norway spruce
Poplar (mixed hybrid)
American sycamore
White pine
Black pine
Pin oak
Rhododendron
Weeping willow
American basswood
Japanese yew

Selection
criteria*

1.2.3
3
1.3
3.5
1.3
3
1.3
1.3
3
3

1,3.5
3
3,4
1,3
3
1,3
3,6
3,6

environments 2. Ubiquity. 3. Aesthetic landscaping purpose. 4. Sea salt
Susceptibility to landfill gases.
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Original ground

FIGURE 1. Diagram of a typical sanitary refuse landfill showing successive layers (lifts) of
horizontal cells containing compacted refuse ( B R U N N E R and K E L L E R , 1972).

initiate research. Foremost among the objectives was a screening test to identify
woody species capable of surviving the harsh environment of landfi l l cover soils.

An appropriate site for the experiment was located on a tidal marsh adjacent to
the Raritan River, approximately 1.5 km from Cook College Campus in New
Brunswick, New Jersey: which had been operated as a landfill and completed
some 10 years earlier. A similarly exposed site in a non-landfill wooded area,
approximately 450 m distant, served as a control.

The landfill, covering some 9 m of refuse, had received a preliminary 15-25 cm
of soil cover at the time of closure. At the start of the screening experiment in

TABLE 3. Relative tolerance of species to landf i l l conditions.

Rank- Species I "I" Statistics2

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Black gum
Norway spruce
Ginkgo
Black pine
Bayberry
Mixed poplar
White pine
Pin oak
Japanese yew
American basswood
American sycamore
Red maple
Sweet gum
Euonymus
Green ash
Honey locust
Hybrid poplar
Weeping willow
Rhododendron

2.66
3.22
4.95
6.59
6.62
8.13
8.94
8.96
8.98
9.48

10.66
10.95
12.62
14.25
14.87
15.05
20.33
21.20
All plants died

'Rink I -the best growth when experimental plol is compared to the control plot. ic. most tolerant of landfill conditions.
*Z "t"»the sum of the "t" statistics for shoot length in 1976; leafweight. basal area increase, root biomass and shoot
length in 1977 comparing the ezpcrimental area with the control.
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March 1975 both landfill (726 m2) and control (462 m2) areas were cleared of
debris and/or natural vegetation and 30 cm of sandy subsoil spread over each,
followed by 15-25 cm of top soil.

Nineteen woody species were selected for screening on the basis of tolerance to
low oxygen, sea salt, air pollution, urban conditions, and landfill gases; and for
landscaping suitability or ubiquity (Table 2). Ten trees of each species were
planted on each of the two sites in a nested design. The trees were routinely
fertilised, limed, irrigated, pruned and generally maintained for four years.
Although all the weeping willows (Salt* babylonica L.), rhododendrons
(Rhododendron roseum elegans), and euonymous (Euonymus alatus (Thunb.)
Sieb.) in the landfill plot died by the end of the third year, presumably from lack
of water, a majority of the trees survived.

Results of Experiments

On the basis of shoot length and stem area increase measured for each species
on both landfill and control plots, the surviving trees were ranked in order of
decreasing tolerance to the existing landfill conditions (Table 3). From these
data, it appears that black gum (Nyssa sylvarica Marsh.), Norway spruce (Picea
abies (L.) Karst.), and ginkgo (Ginkgo biloba L.) were most suited for growth
on the landfill. Species tolerant to low oxygen environments: green ash
(Fraxinus lancolata Borkh.) and honey locust (Gleditsia tricanthos L.) were
located at the bottom of the tolerance list. Lack of sufficient moisture might
have curtailed the growth of these water-loving species. Rapidly growing trees:
hybrid poplar (Populns sp.). honey locust, and red maple (Acer rubrum L.)
appeared to be less tolerant than slow-growers when growth on landfil l was
compared to growth of controls. However, the former species produced more
absolute growth than the latter, so if amount of growth rather than relative
growth were the criterion, red maple, honey locust and hybrid poplar might be
considered for use on landfills.

FIGURE 2. Root system of hybrid poplar (Populus sp.) excavated from landfil l cover soil
containing high CCK/CH4 levels. Bottom-most root reached a depth of 15 cm before
growing upward and branching into many shallow roots.

TABLE 4. Re

References
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TABLE 4. Root depth of tree species in landfill and non-landfill (control) soils.
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Species

Norway spruce
Japanese black pine
Hybrid poplar (cuttings)
Hybrid poplar (saplings)
Honey locust
Green ash

Landfill

5
7
6
6
8
9

Depth (cm)
Non-landfill

4
9

13
13
17
15

Acid-loving species: Japanese black pine (Taxus cuspidata capitata), Norway
spruce, black gum and bayberry (Myricapennsylvanicd) are more tolerant of the
low pH (4.5) than are green ash, red maple and American sycamore (Platanus
occidentalis L.).

Root systems of the more tolerant species (Japanese black pine and Norway
spruce) were much shallower, both on the landfill and control, than were roots
of the less tolerant species (Table 4). The ability to develop a shallow root
system may be one of the overriding factors in the adaptability of trees to landfil l
conditions. Those more able to direct their root systems to a higher soil level
(Figure 2) may thus avoid contact with the toxic or growth-curtailing gases
produced in a landf i l l .

From a very l imited amount of data, other factors which appeared to favour the
chances for the survival of trees in landfil l cover-soil were smaller trees at
planting over larger trees of the same species, balled-and-burlapped roots over
bare-rooted stock, extensive irrigation over poor irrigation, and gas-barrier
systems such as soil mounds or lined and vented back-filled trenches over
unmodified landfills (GILMAN et al, 1980).
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FOREWORD

The Environmental Protection Agency (EPA) was created because of
increasing public and government concern about the dangers of pollution to
the health and welfare of the American people. Noxious air, foul water and
spoiled land are tragic testimony to the deterioration of our natural environ-
ment. The complexity of that environment and the interplay between its com-
ponents require a concentrated and integrated attack on the problem.

Research and development is that necessary first step in problem
solution and it involves defining the problem, measuring its impact, and
searching for solutions. The Municipal Environmental Research Laboratory
develops new and improved technology and systems for the prevention, treat-
ment and management of wastewater and solid and hazardous waste pollution
discharges from municipal and community sources, for the preservation and
treatment of public drinking water supplies and to minimize the adverse
economic, social, health, and aesthetic effects of pollution. This publica-
tion is one of the products of that research, a most vital communication's
link between the researcher and the user community.

The ultimate use of refuse landfills involves the planting of vegetation.
The problems of growing deep-rooted vegetation over former landfills has
been studied through literature surveys, and greenhouse and field experiments.
It was the purpose of these studies to gain an insight into the role of
anaerobically produced gases (mainly methane and carbon dioxide) in curtail-
ing the growth of plants on landfills. Methods of attenuating the detri-
mental effects of landfill gases were also evaluated.

Francis T. Mayo, Director
Municipal Environmental Research
Laboratory
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ABSTRACT

During the past dozen years, many attempts to revegetate completed
sanitary landfills have been undertaken throughout the United States, with
variable degrees of success. This has been evaluated in a recent nationwide
field survey of vegetation growth on completed sanitary landfills. Based on
the results of this survey, literature reviews and other field experiences,
a study was undertaken to determine which species, if any, can maintain
themselves in a landfill environment; to investigate the feasibility of
preventing landfill gas from penetrating the root zone of selected species
by using gas-barrier techniques; and to identify the (those) factor(s) which
are most important in maintaining adequate plant growth on completed sanitary
landfills. Ten replicates of nineteen woody species were planted on a ten-
year old completed sanitary landfill and five gas-barrier systems were
constructed. The experiment was completely replicated on old forest land to
act as a control. Of the nineteen species planted on the landfill for the
past two years, certain species have tolerated the landfill conditions better
than others. Black gum proved mostv-itolerant-.and honey locust least tolerant
to anaerobic.landfiÛ ebriditionqy* 'Of .''.the ifiyevgas-barrier systems tested,
plastic sheeting underlain by gravel'and "Vented."By' means of:vertical:PVC
pipes, a three foot mound underlain with one-foot of"claŷ  and;a three foot
mound with no clay barrier proved effective in preventing penetration of gas
into the root systems of the test species.

Carbon dioxide and methane are the major components of sanitary refuse ^
landfill-generated gas which has been associated with the demise of vegeta-
tion on and adjacent to completed landfills. An investigation of the effects
of carbon dioxide (CC>2) and/or methane (CH1|) contaminated soil atmospheres on
the growth of tomato plants indicated that CC>2 per se was toxic to tomato
roots in a low Og soil atmosphere, whereas CHl̂  per se was innocuous under the
same conditions. No interaction was observed between CC^ and CH^ in terms of
damage to tomato roots. Investigations' into the effects of COo- and CHi,-
contaminated soil indicated that red maple (Acer rubrum) is more tolerant to
the presence of these gases than is sugar maple (Acer saccharum). "With
respect to gas concentration, 50$ CH^ alone in the root zone resulted in no
visible symptoms whereas 20$ C02 was found to cause adventitious root
formation and visible decline in tomato shoots.

This report was submitted in fulfillment of Contract No. R 803?62-02-3
by Rutgers University under the sponsorship of the United States Environ-
mental Protection Agency. This report covers the period January 1, 19?6 to
September lU, 19?8, and the work was completed as of October 15, 19?8.
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Tree , :. 4 îf' and Density-Edgeboro Landfill and Island . . .

De scrips on of Permanent Stations on the Completed Sanitary
Landfill

Tree Planting Selection Criteria

Species Selected for Vegetation Growth Experiment at Edgeboro
Landfill

Plant Key for Edgeboro Landfill Tree Growing Experiment for
the Control Plot

Plant Key for Edgeboro Landfill Tree Growing Experiment for
the Experimental Plot

Tree and Shrub Planting Data

Distance From the Soil Surface at Which Stem Increment was
Measured

Composition of Atmospheres Used to Fumigate Tomato Plants in
Experiment 1

Composition of Atmospheres Used to Fumigate Tomato Plants in
Experiment 2

Composition of Atmospheres Used to Fumigate Tomato Plants in
Experiment 3

Composition of Atmospheres Used to Fumigate Tomato Plants in
Experiment k

Percent Frequency of COg Readings* of Soil Atmospheres on
Twenty Completed Sanitary Landfills

Percent Frequency of C^ Readings* of Soil Atmospheres on
Twenty Completed Sanitary Landfills

' 25

27

k2

k3

kk

k5

1*6

5k

6k

6k

65

65

66

67

viii



"fe:

Number Psige

Ik Percent Frequency of Combustible Gas Readings* of the
Atmospheres on Twenty Completed Sanitary Landfills ....... 67

15 Mean Percent COo, 02 and Combustible Gas at 1-Foot Depth
With Age of Sanitary Landfill ............................. 67

16 Mean Percent 02, C02 and Combustible Gas at 1-Foot Depth
With Depth of Refuse in the Sanitary Landfill ............. 68

17 Percent Combustible Gas From 1-Foot Deep Test Holes on
Completed Edgeboro Landfill ............................... 68

18 Percent ©2* From 1-Foot Deep Test Holes on Completed
Edgeboro Landfill ......................................... 69

19 Percent C02* From 1-Foot Deep Test Holes on Completed
Edgeboro Landfill ......................................... 70

20 Gas Chromatographic Analysis of Composition of the Soil
Atmosphere at Depth of 10- Inches at Six Stations on
Completed Edgeboro Landfill, July lU, 1977 ................ 70

21 Gas Chromatographic Analysis of Composition of Soil Atmosphere
at Depth of 10- Inches at Six Stations on Completed Edgeboro
Landfill, October 13, 1977 ................................ 70

22 Depth of Soil Cover* at Stations on Edgeboro Landfill and
Growth Status df Vegetation ............................... 71

23 Number of Tree Deaths in Screening Experiment Between
1976 and 1977 ............................................. 72

2k Mean Values for the Five Tree Variables for Each Species on
the Experimental and Control Plots ........................ 73

25 Relative Tolerance of Species to Landfill Conditions ......... 7U

26 Mean Values for Soil Variables on Experimental and Control
Plots in 1977 ............................................. 75

27 Mean Values for Nitrate and Ammonium Nitrogen on Experimental
and Control Plots ......................................... 76

28 Coefficients of Variation for Soil Variables on Experimental
and Control Plots ......................................... 78

29 Depth of Root Penetration on Experimental and Control Plo^s". . 79

30 Observation of Dead Trees on Experimental and Control
Gas-Barrier Techniques .................................... 80

ix



Number Page

31

32

33

3*

35

36

37

38

39

Uo

Ul

hh

Mean Values for Dependant Tree Variables for Each Gas-Barrier
Technique on Experimental Area 8l

Variance Components for American Basswood and Japanese Yew
for Three Tree Variables 82

Nitrate Nitrogen, Ammonium Nitrogen and Manganese Contents of
Soil in the Barrier Techniques 83

Mean Soil Variable Levels in the Gas-Barrier Techniques 8U

86
Number-of Maple Seedlings* Exhibiting Various Growth

Conditions at Termination of Experiment

Mean Stomatal Resistance (SEC/CM)* of Red and Sugar Maple
Seedlings in Various Treatments ... 87

Stomatal Resistance* of Maple Seedlings for Treatments 1 and
3 Recorded as Percent of Control 87

Mean Percent Composition* of the Culture Vessel Atmospheres
in Experiment 1 • 88

Total-Increase in Height, Foliar Dry Weight, and Total Nitrogen
Content of the Leaves of the Tomato Plants* at the
Termination of Experiment 1 93

Mean Percent Composition* of the Culture Vessel Atmospheres
in Experiment 2 (8-Day Fumigation) 93

Mean Percent Composition* of the Culture Vessel Atmospheres
in Experiment 2 (12-Day Fumigation) 9U

Total Increase in Height, Foliar Dry Weight, and Total
Nitrogen Content of the Leaves of Tomato Plants* After
8-Days of Fumigation in Experiment 2 95

Total Increase in Height, Foliar Dry Weight, and Total
Nitrogen Content of the Leaves of Tomato Plants After
12-Days of Fumigation in Experiment 2

Mean Percent Composition* of the Culture Vessel Atmospheres
in Experiment 3

Total Increase in Height, Foliar Dry Weight and Adventitious
Root Development of Tomato Plants at the Termination of
Experiment 3

95

96

96



T"" Number Page

U6 Mean Percent Composition* of the Culture Vessel Atmospheres
in Experiment h 97

U? Total Foliar Nitrogen and Dry Weight and Increase in Height
and Adventitious Root Development of Tomato Plants* at
the Termination of Experiment k 98

• •
•:*••

XI



AC KNOWLEDGEMENTS

The cooperation of the New Jersey Cooperative Extension Service
personnel, particularly Dr. Spencer H. Davis, Jr., Specialist in Plant
Pathology, Dr. Roy Flannery, Specialist in Soils, and Professor Lawrence D.
Little, Jr., Associate Specialist in Nursery Management, is greatfully
acknowledged. The authors would also like to acknowledge the assistance of
the following Cook College students: Deborah Flower, Christopher Proulx, and
Michael Telson. In addition, we wish to acknowledge Mary Ann Fischer for her
timeless efforts in reviewing and typing this manuscript.

xii



SECTION 1

INTRODUCTION

The pressures of population expansion and urbanization have prompted
a reappraisal of anticipated uses for completed landfill sites. Conversion
to recreational areas or other non-structural usage has been considered an
acceptable end for completed landfill sites in urban areas; and in rural
areas intensifying land use has resulted in attempts to use completed
landfills for growing commercial crops. Numerous farmers, as well as scores
of landscapers, have encountered mixed success in trying to establish
agricultural crops, trees, and shrubs on landfills throughout the country
Three questions are often raised: "What species will thrive on completed
landfill sites?", "Are there any techniques available which will help in
attempting to establish a vegetative cover over a completed landfill area?",
and "What is the nature of the toxic effect of landfill gas on vegetation?"

Reports from a. nationwide mail survey funded by the Federal E.P.A.
Solid and Hazardous Waste Division determined that the scope of problems
encountered when vegetating completed landfills was indeed of national
latitude. It was ascertained, from on-site visits to some 60 vegetated
landfills, that answers to the previously raised questions would benefit
not only the landscaper or farmer trying to vegetate a former landfill, but
the general public as well in that they too would ultimately derive value
from successful vegetation projects such as parks, golf courses and
recreational areas.

In order to investigate the possibility of successfully growing vegeta-
tion on such areas, two experiments were designed: (l) a field experiment
with three objectives: (a) -to determine the relative tolerance of a number
of commonly grown tree and shrub species to the soil environment created on
and adjacent to a sanitary refuse landfill; (b)- to determine if barriers to
the migration of decompositional gases can function in preventing gas con-
tamination of the root systems of selected sensitive species; (c) to identify
those soil factors which are most responsible for causing vegetation growth
problems on completed landfills. (2) A greenhouse experiment to assess the
effects on vegetation of soil contamination by simulated landfill gas (C0?
and CHi ) mixtures.



SECTION 2

CONCLUSIONS

£, Black gum, Norway spruce, and ginkgo were the three species most toler-
ant to conditions of the Edgeboro experimental landfill.

2. Honey locust, hybrid poplar, and weeping willow made the poorest growth
of all surviving species on the landfill plot and appeared to be least
adapted to landfill conditions.

3. Soil carbon dioxide, oxygen, moisture content, bulk density and
temperature were important soil factors controlling the growth of
American basswood on the experimental plot on the Edgeboro sanitary
landfill.

If. Soil mounds, either with or without an underlying clay gas-barrier
functioned successfully in preventing the migration of landfill gases
into the root zone of trees. A U-foot deep trench with a 1-foot layer
of road gravel overlain with polyethylene sheeting and vented with 1
perforated vertical vent pipes also functioned to keep out the gases
of anaerobic decomposition.

5. Woody plants appeared able to better survive on a completed sanitary
landfill if planted when small in height i.e. less than three feet.
During this study, this factor appeared to be more important than the
biological ability of a plant to withstand low oxygen environments.

6. Severe gas contamination of the original soil cover on the Edgeboro
sanitary landfill was observed in isolated areas which could be located
by the poor growth of vegetation associated with these areas. These
soil gas conditions remained consistent for the fifteen month study
period. The poor growth of vegetation in areas of landfill gas contami-
nation was believed to be responsible for excessive erosion on the site.

7. Red maple (Acer rubrum), which is flood tolerant, was found to be more
tolerant also of soil contaminated by simulated landfill gas than
sugar maple (Acer saceharum) which is not tolerant of flooding.

8. Tomato plants growing in sand-solution greenhouse cultures were severely
damaged by exposure to carbon dioxide concentrations of 17% or greater
in the root zone. This response was not influenced by the presence or
absence of high concentrations of methane or fluctuations in the 02
concentrations, provided the 0? in the root zone was not less than 2%.



9. Excessive concentrations of methane in the root zone of such tomato
plants resulted in the depletion of oxygen, and the consequent decline
of the plants after eight days' exposure.

10. Tomato plants exposed to excessive rhizosphere concentrations of carbon
dioxide exhibited symptom development which differed significantly from
that caused by lack of oxygen in the root zone, suggesting that high
COg concentrations damage tomato roots by a mechanism different from
that of low oxygen concentration.

11. Rhododendron appeared to be poorly adapted to both landfill and
control conditions.



SECTION 3

RECOMMENDATIONS

1. Those responsible for planting vegetation on completed landfills should
avail themselves of current research on the adaptability of species to
landfill conditions and avoid the use of non-tolerant species.

2. A survey of the landfill cover soil prior to establishing vegetation
will help to avoid areas high in gas concentration for locating
vegetation.

3. The use of a barrier technique for excluding landfill gas from the root
zone of vegetation should be considered when planting on a former land-
fill. Two methods to consider would be (a) a mound of soil over the
existing cover, (b) a lined and vented trench backfilled with suitable
soil.

U. The use of smaller planting stock might also increase the chance of
survivability.

5. Adequate irrigation of the plants established on a landfill is an
important contribution to their survivability.

6. Special precautions should be taken to insure that the landfill cover
soil has not been too densely compacted by heavy equipment. Loosening
of the soil may be necessary before planting.

7. All cultural practices required for.the successful establishment of
vegetation in non-landfill soils should be considered, i.e. soil
fertility, healthy planting stock, optimal soil density and physical
characteristics, maintenance procedures, etc.

8. Further studies should be undertaken to determine if the ability to
withstand high levels of carbon dioxide in the root zone is a charac-
teristic of flood tolerant species.

9. The influence of secondary factors such as size of trees at planting,
the use of bare-rooted versus containerized trees and the effect of
water stress on the adaptability of species to landfill conditions
should be evaluated.

10. The value of mycorrhizal fungi in inducing tolerance of trees to
landfill conditions should be assessed.



SECTION U

LITERATURE REVIEW

GAS PRODUCTION IN SANITARY REFUSE LANDFILLS

The serious disadvantages for adequate vegetation growth inherent in
landfill sites; namely the production of toxic gas mixtures from anaerobic
decomposition of organic matter present and leaching of infiltrates and
gases into ground water supplies, as well as high ground temperatures, have
been enumerated (32, U8, l6o).

The composition of landfilled refuse varies considerably depending
on its origin, be it municipal, industrial, incineration material or sewage
sludge. The organic content of solid waste collected from homes, schools,
commercial establishments and industries generally ranges from 50 to 75$
on a weight basis. Most of these organics are biodegradable and can be
broken down into simpler compounds by both aerobic and anaerobic organisms.
The rate at which this occurs is reported to be a function of (a) permeabil-
ity of cover material (b). depth of garbage (c) amount of rainfall (d) mois-
ture content of the refuse, (e) putrescibility of the refuse (f) compaction
(g) pH and (h) age of the landfill (i) redox potential (30, 87, 103, 138).
The concentration of biocides as well as other factors may also effect the
rate of decomposition.

When the refuse is initially deposited in the landfill, there is
enough oxygen present to support a population of aerobic bacteria. This
state lasts from one day to many months (̂ 9). The literature indicates
carbon dioxide and water to be the principal products formed in aerobic
decomposition (21).

After the oxygen concentration is depleted, the aerobic bacteria die,
resulting in a sharp increase in the anaerobic bacterial population. During
the anaerobic state of decompostion two phases have been identified, a non-
methanogic state followed by a methane-producing stage (2).

During the non-methanogic stage, organic matter is reduced, in the
presence of water and extracellular enzymes produced from bacteria, to
smaller soluble components which include fatty acids, simple sugars, amino
acids and other light—weight compounds (150). During the methanogenic
stage, C02 and CHJ+ are the principal gases produced. They originate from
two reactions carried out by the bacterium Methano-bacterium (V?).

Various other gases reportedly produced in the anaerobic environment



of the landfill include ethane, propane, phosphine, hydrogen sulfide,
nitrogen and nitrous oxide (3, 6, lU, 32, 96, 126, 150). Reserve Synthetic
Fuel Company reports finding over 60 different gases in a California landfill
(Frank Flower, Personal communication with Fred Rice, Reserve Synthetic
Fuel Company March 15, 1977). Hydrogen sulfide which is produced from the
bacterium Desulfovibrio desulfuricans in alkaline conditions (58), causes
lower root respiration rates and a decrease in soil nematode population (8U).

In addition to the methane-producing bacteria mentioned above, there
exists a bacterium, Pseudomonas chromobacterium, which utlizes methane
during its metabolism. It oxidizes methane, producing carbon dioxide and
water (70). Since oxygen is required for this reaction, these bacteria
will generally be found near the upper surface of the landfill.

During the oxidation of methane, oxygen is consumed. This raises a
question of whether or not the oxygen concentration is a. limiting factor
in this reaction. Hoeks (70) points out that the organisms involved can
function at soil atmospheric oxygen concentration as low as 1$. However, at
this low concentration, incomplete oxidation causes formation of such inter-
mediate side products as methanol, formaldehyde and formic acid (78).

Of the various factors influencing methane gas production, the
parameters most ccnmonly reported are refuse moisture content, temperature,
oxygen and pH. Frequently the major factor is refuse moisture content.
Ramaswamy (122). and Sougonuga (137) found that methane gas production rates
increase with increased refuse moisture content, with a maximum production
occurring at moisture content of 60 to 80$ wet weight. Farquhar and Rovers
(̂ 7) report maximum methane production when refuse is near the saturation
point. An experiment carried out by Merz and Stone (99) concluded that
methane gas production increased with the addition of surface irrigation
water. Ludwig (9*0 found that at one of the two sites in California, methane
production increased after a heavy rainfall. It is reported that refuse
moisture content too low to support continuous gas production in a landfill
may be in the range of 30 to Uo$ (99). This condition may exist in certain
areas of the United States such as the dry southwest, where rainfall and
relative humidity are very low.

Temperature has also been described as a limiting factor in the methane
gas production. Kotze et al (82) report 37°C to be the optimum temperature
for methane gas production in the mesophilic stage of sewage sludge de-
composition. Dobson (37) and Ramasvamy (122) say maximum gas production
occurs at 30°C and 35°C respectively. All found that deviations from the
optimum temperature resulted in decreased methane production rates.

The optimum pH for methane production during anaerobic decomposition
of sewage sludge is very near 7-0 (̂ 7). As deviations from this optimum are
encountered, gas production is decreased. High pH may exist in the refuse
because of the presence of alkaline materials. When methane production is
inhibited, the information of organic acids results and the pH decreases
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EFFECT OF LANDFILL GASES ON PLANT GROWTH

Field Cases

Many reports of success or proposals for transforming barren former
refuse sites into luxuriant vegetated areas have appeared in the literature
and in the press (5, 12, 6U, 88, 105).

In July 1972 an article by Duane (38) applauding the construction of
golf courses on completed sanitary landfills cited the successful use of such
tree species as Japanese black pine, London plane, thornless honey locust
and Russian olive for beautifying the sites. In 1973> any anonymous article
appeared in Solid Waste Management magazine describing the transformation
"From Refuse Heap to Botanic Garden", of an 87-acre landfill in Los Angeles
that the distinction of being one of the world's first such phenomena (k).

A catalogue published in 1973 describing hybrid poplars bred by a
Pennsylvania nursery cites a particular hybrid which supposedly was grown
successfully on a landfill site at Fort Dix, New Jersey (98). In that same
year, a brochure was published by the Caterpillar Tractor Company describing
and displaying in lavish color various successfully vegetated golf courses
and parks in Mountain View, California; Anoka, Minnesota; Baltimore County,
Maryland; Long Island, New York; Alton and Chicago, Illinois (2k). In 197U
a news item in the Sun-Star of Merced, California described a 5-acre park
whose new grass and trees would be aided in growth by "the proximity to the
refuse which will provide needed nutrients" (6).

Few problems if any were either observed or anticipated in achieving
these spectacular results with the exception of the report of root damage to
large trees and shrubs at the Los Angeles Botanic Garden site.

At the same time, various investigators were experiencing difficulties
in growing vegetation at similar sites. In January 1969, Professor F. Flower
and associates of Rutgers University in New Brunswick, New Jersey (50),
responding to a complaint of vegetation death on private properties adjacent
to a landfill in Cherry Hill Township observed dead trees and shrubs of the
following species: spruce, rhododendron, Japanese yew, azalea, dogwood,
flowering peach, brush dogwood, Scotch broom, arbor vitae, Douglas fir, and
lawn grasses. Testing of the soil with appropriate equipment disclosed high
concentrations of carbon dioxide and explosive gases. The conclusion
reached was that the trees and shrubs may have been killed by displacement
of oxygen from their root zones by lateral movement of the gases of refuse
decomposition or by the decomposition gases themselves.

In 1972, the Rutgers contingent made a visit to the peach orchard of
the DeEugenio Brothers in Glassboro, New Jersey, which bordered on a
completed landfill, where approximately 50 peach trees had died (51). Upon
completion of the landfill, the growers had hoped to plant additional peach
trees on the filled area. Examination of the soil atmosphere revealed high
concentration of carbon dioxide and methane form the anaerobic decomposition
of organic matter had moved laterally from the landfill into the orchard
area.



The Hunter Farm, in Cinnaminson, New Jersey, was visited in December,
197U when fields planted with rye were growing poorly (51). Gas checks
revealed that combustible gases were present in the area of new vegetation
injury and that migrating gases were traveling up to 600 feet from the nearest
edge of the landfill.

Another trip to Hunter's Farm was made in June, 1975 when corn was
found to be growing poorly in areas where combustible gas and CC^ concen-
tration were high.

On May lU, 1973, the Rutgers group visited Sharkey's Landfill in
Parsippany-Troy Hills, New Jersey to estimate its potential for supporting
vegetative cover and to examine field test plots set out by the county
agent (53). It appeared that grass seeding had been attempted; however,
grass seemed to be growing well over only small areas of the fill. Numerous
pools of oily leachate were observed, many with gas bubbles breaking the
surface.

Samples of soil gas revealed high concentrations of combustible gases.
In the few areas where vegetation seemed to be growing well, there was little
combustible gas in the root zone.

A communication from the county agent on June 3, 1975 reported that
clover, vetch, lespedeza and weeping love grass were doing well on the
landfill (79).

Although the literature on vegetation problems on completed landfills
is fairly sparse, information received from a nationwide survey has indicated
that such problems have been encountered throughout the United States. On-
site visits (51, 52) to some of these areas in the northeast, the midwest,
southern Alabama, the far west, Puerto Rico and southern California have
corroborated the findings of the group at Rutgers University concerning the
detrimental effect of landfill gases on vegetation atop or adjacent to
completed sanitary refuse landfills.

The discrepancies in results of efforts to establish vegetation on
former landfill sites is apparently due to variability in certain landfill
characteristics such as type and amount of solid waste, depth and permeabil-
ity of cover, construction and grading of the fill; certain meteorological
conditions, such as temperature, relative humidity and rainfall, soil
characteristics such as composition, texture, ability to retain moisture,
nutritional characteristics; adaptability of plant species to landfill
conditions, and planting and maintenance techniques to overcome unfavorable
landfill conditions (17, 5̂, 123, 1̂ 2, 15̂ , l6o).

Effect of Low Soil 0- on Plant Growth

It has been known since the early 1900's that plants grown in solution
culture required both air and minerals in order to achieve the best growth
(MO, this was found to be the case for barley, lupines (66, 127), and
tomato (28, Ul).
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Chang and Loomis in 19̂ 5 (26) conducted a survey of the literature and
found that although some plants could survive 02 concentrations in the root
zone as low as 1 to 2$, most plants would function normally at 0 concentra-
tions ranging from 5 to 10$.

There is a good deal of variability in tolerance to low 0 in the root
zone among different species of plants. The growth of red andnalack rasp-
berries was inhibited by exposure to 10$ 0 (120), whereas apple trees
required 10$ 0 in the soil in order to sustain growth (15). One-tenth per-
cent 02 in the flooded root zone of apple trees resulted in the death of the
trees (15). Tomato plants grown in solution culture exhibited marked reduc-
tion in growth and ability to take up potassium when exposed to 3$ Op in the
root zone (153). Sour-orange seedlings in sand-solution culture given 1.5$
Op in the root zone for seventeen weeks did not grow, and seedlings receiving
U.6 to 6.1$ 02 grew half as well as the controls (62). Rice plants have been
reported to grow as well in solution culture having less than 1% ©2 in the
root zone as control plants (153).

Aside from differences between species, environmental factors can also
influence plant response to low C>2. High temperatures were found to increase
the need for ©2 by growing root tips (120). A dense soil can also increase
the need for 02 by growing root tips. This is believed to be due to the
extra energy required to push the root tips through the soil (6l). The 02
concentration in the soil is dependent on the ability of air to diffuse into
and through the soil and the rate of diffusion is largely dependent on the
texture and degree of compaction of the soil. Sandy soils generally exhibit
ample gas exchange, whereas finely textured soils with pore spaces of less
than 10$ are prone to poor, soil aeration (155, l6l). Excessive compaction
in soils containing large amounts of clay was found to result in ©2 concen-
trations of less than 2$ and C02 concentrations as high as 20.5$ (l62).

Low concentrations of 02 in the root zone can influence plants in ways
other than by decreasing growth or killing the plants. Susceptibility of
roots to soil-borne pathogens has been found to increase when the soil is
poorly aerated. This is believed to be due in part to the ability of some
pathogenic fungi and other organisms to flourish in such soils (8). Sus- '
tained low 02 concentrations in the soil have been found to cause mineral
deficiencies in plants. Potassium is the first mineral affected. The order
in which the other major nutrients,nitrogen, phosphorus, calcium, and magne-
sium, become "deficient depends upon the plant species (69, 78, 91).

Effect of High Soil C02 on Plant Growth

Carbon dioxide (C02) concentrations in the soil normally comprise less
than 2$ of the soil atmosphere. The death of vegetation in flooded or poorly
aerated soils is not generally considered to be due to excessive C02 concen-
trations but rather to lack of oxygen (85). C02 concentrations as high as
20.5$ have been reported in the soil under roadways and compacted paths in
areas where trees were reported to have been killed, but the high C02 read-
ings occurred in conjunction with very low 02 concentrations (162).



In a sanitary landfill, the refuse is a source of C02 which can migrate
into the surrounding' soil, resulting in concentrations greater than 20$ (52).
The COg migrating into the soil can displace the 02, but not being dependent
on the soil 02 for its generation, it can occur in high concentrations in
conjunction with 02 concentrations which might not be considered limiting
to plant growth.

Plant species vary in their sensitivity to excessive C02 in the root zone
The exposure of plant roots to pure COg was first shown to be toxic in 191U
(109). Pure C02 in soil around tomato and corn plants killed the plants
after two weeks exposure (109)• This was also found to be true for buck-
wheat which was killed after a few days' root exposure to pure C02 (56).
The growth of guayule in solution culture exhibited a significant
reduction (20), and red and black raspberries were killed when exposed to 10$
CC>2 in the root zone (120). Cotton plants growing in solution culture
exhibited optimum growth in the presence of 10$ C02 in the root zone, provid-
ed at least 7.5$ 0% was also present. Thirty to 1*0$ C02 in the root zone
severely limited growth, and 6d$ C02 stopped growth of cotton completely (90).
Tomato plants growing in solution culture exhibited a significant reduction
in growth when exposed to 28$ C02 for 2k hours, but were not inhibited by
lower concentrations (kk). Pea seedlings have been reported to exhibit a
significant reduction in growth when exposed to only 1$ C02 in the root zone
(1̂ 3) whereas barley plants growing in solution culture exhibited no reduction
in growth when exposed to 20$ C02 in the root zone (69). The roots of sour-
orange seedlings growing in sand solution culture only ceased growing when
exposed to 37.2$ C02 (62).

Root growth of pea seedling has been reported to be stimulated by
exposure to 0.5$ C02 and inhibited by 1$ C02 in the substrate (59, 1̂ 3). The
roots that were stimulated by exposure to low C02 concentrations were thinner
and had an increased amount of lateral root initials. This stimulatory
effect of low concentrations of C02 was attributed by the authors to the
ability of the roots to use C02 as a carbon source (59» H6, 1̂ 3). In light
of more recent developments this stimulatory response is probably due to the
CC>2 acting as an analogue to ethylene, competing for a receptor site in the
cell. This competition would result in a hormonal imbalance that would
manifest itself as a more pronounced auxin response (22, 25).

Valmis and Davis (53) investigated the mechanism by which CC>2 damages
plant roots and demonstrated differences in sensitivity among plant species
to exposure to C02 in the root zone. Tcmato roots growing in solution cul-
ture exposed to pure C02 were killed immediately. The exposure of tomato
roots under the same conditions to pure nitrogen resulted in a 90$ reduction
in the rate of growth. Rice plants were also killed by exposure to pure C02
in the root zone but exhibited no measurable reduction in rate of growth
when exposed to pure nitrogen. Barley plants were killed by exposure to
pure C02 and exhibited a 1*5$ reduction in the rate of growth when exposed
to pure nitrogen. This study shows that high C02 concentrations can kill
plants by a mechanism other than lack of 09. Norris et al (108), in 1959
postulated that the damage caused by C02 contamination in the root zone
occurs when the C02 diffuses across the plasma membrane and disrupts the
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intercellular pH.

To summarize, carbon dioxide concentrations as low or lower than 1O/0 in
the root zone can be toxic to roots. Sensitivity of roots to CC>2 is species
dependent. Concentrations of 6ofo or greater have been found to be toxic to
all plants so exposed. The mechanism by which C02 damages plant roots is not
known, but the evidence indicates that it is not the same mechanism by which
lack of 02 damages plants.

Effect of Manufactured Gas on Plant Growth

Because it has been extensively studied as a phytotoxic gas when present
in soil atmospheres, a review of the literature on the effects of manufac-
tured gas could be enlightening.

The first reported incident of manufactured illuminating-gas damage to
trees occurred on Pall Mall, London in 1807 after the first public street
light system ever was installed (U3). In the late l800's and early 1900's
a number of other researchers found that woody and herbacious plants were
damaged by exposure to leaking manufactured-gas (83, 132, lUO, 1UJ+).

Harvey and Rose (67) in 1915 reported that ethylene was one of the toxic
components of manufactured gas. Catalpa speciosa, Ailanthus altissima, Vicia
faba, and Gleditsia seedlings were divided into two treatments, one group
exposed to illuminating gas and the other to ethylene. The seedlings re-
sponded in a similar manner to both treatments. Ethylene concentration in
manufactured gas was usually high enough that leaks could be detected by
placing tomato plants in the soil and making observations for epinastic
curvature the next day (35). It has been shown that ethylene can be
generated in concentrations which are biologically active in anaerobic
soils (133).

Hitchcock et al (68), in 193̂  reported that container-grown willow,
cherry, maple and silver bell trees were severely injured when their roots
were exposed to manufactured gas for 30 minutes. When cyanogen was removed
from illuminating gas, 20 to 2U times more gas was required to cause injury
to the trees. Cyanogen forms hydrocyanic acid when mixed with water and
carbon dioxide. Cyanogen, as well as ethylene, has been considered to be
largely responsible for the phytotoxicity of illuminating gas in soils.
These compounds are not found in landfill gases or natural gas in concentra-
tions nearly as high as in manufactured gas, if at all.

Effect of Natural Gas on Plant Growth

The composition of natural gas more closely resembles that of landfill
gas than does manufactured gas (Table 1). The main difference between natu-
ral gas and landfill gas is that there is more C02 and less methane in the
latter.

That natural gas can be toxic to plants was first noted by Schollenberger
(131) in 1930, who found that plants were killed when the soil was saturated
with natural gas, but that no permanent damage to the soil occurred. Exposing
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the aerial portions of plants to natural gas did not damage the vegetation
(136).

Gustafson (65) in 19̂ 9 fumigated the roots of container-grown American
elm trees during four consecutive growing seasons with concentrations of
natural gas not exceeding h%. Although slight discoloration of the roots was
noted on the trees exposed to the gas, no injury to the shoots was reported.

Pirone (115) in 1960 reported that exposing the roots of tomato plants
to pure natural gas for h& hours did not cause any damage. The roots of
Norway maples, London plane and pin oaks were fumigated with pure natural gas
for 5 to 6 week periods at soil concentrations ranging from 60 to 100$. No
damage to the trees was reported due to this treatment.

In 1972, Hoeks (?0) reported that natural gas was responsible for the
demise of 5 to 20$ of the road trees in town centers in the Netherlands. He
found that when soil was contaminated with natural gas for a period of time
there was a build up of methane-utilizing bacteria whose activity resulted in
the depletion of oxygen in the soil. The oxidation of methane follows the
general equation (CHi,. + 202 = COg + 2H2o + Energy). The organisms responsible
for this reaction belong to the Pseudomonas and Chrome-bacteria genera. Under
experimental conditions the oxidation of methane was found to be so intensive
that if 02 was in excess all the Cffij was depleted, and if CH^ was in excess
all the 02 was utilized. This bacterial activity, in conjunction with simple
displacement of the soil atmosphere by natural gas, was concluded by Hoeks to
be responsible for the death of the many shade trees in the Netherlands.

Garner (58) in 1973 investigated the death of numerous shade trees near
natural gas leaks in Wilmington, North Carolina, and concluded that the death
of the trees vas due to anaerobic soil conditions brought on by dilution of
the soil atmosphere with natural gas and the activity of methane-utilizing
bacteria. Garner also partially attributed the death of vegetation to the
build up of hydrogen sulfide (H2S) in the soil produced by Disulfovibrio
desulfuricans under anaerobic conditions. He also reported extremely low
soil nematode populations due to ̂ S toxicity.

THE EFFECT OF SOIL FLOODING ON PLANT GROWTH

Soil saturated with landfill gases (52) or with water (86) often becomes
anaerobic. The ability of a plant to survive in anaerobic soil is character-
istic of flood tolerant species (6l, 158). Such species, therefore, might
prove adaptable to adverse growing conditions caused by refuse-generated
gases on completed sanitary landfills.

Species vary considerably in their ability to withstand flooding due to
a number of biological and environmental factors which are known to influence
the ability of a tree species to survive in flooded soil. This is evident in
the observable zonation of tree species on river -banks, reservoir margins and
bottom lands (19, 66, jh) . Hardwood species are generally more tolerant of
flooding than conifers (1, 6l, 92). Soil type can also influence flood
tolerance. In the U. S.S.R. on the Volga- Don flood plain Populus alba, P.
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balamifera are recommended for clay-loam sites while I\ nigra and Acer negundo
are recommended for sand-silt sites (151). The time and duration of flooding
are important considerations. Dormant trees are less sensitive to flooding
than actively growing trees (66). Trees growing on the margins of reservoirs
require that the site be flooded no more than U5$ of the growing season in
order to survive (66). In isolated years some species can tolerate flooding
during the entire growing season (60). The condition of the flood water is
another factor which may influence flood tolerance. Flooding with standing
water is more injurious than flooding with moving water (129). Warm water can
accelerate the death of trees exposed to flooding (19). If the flood water
covers aJ"l or most of the trees above the ground, the tree is more likely to
be injured than if only the soil is saturated (66). Older trees are generally
more -tolerant of flooding. This was found true both for hardwoods (80) and
conifers (89).

In order for a species to survive flooding it must possess special char-
acteristics that enable it to survive when the soil is anaerobic. Some
species have the ability to undergo anaerobic respiration in the roots when
flooded. Species which have been shown to do this are Salix cinerea and Nyssa
aquatica (39, 72). The prolonged dependence upon anaerobic respiration can
result in a build-up of toxic end products, such as ethanol, which can then
become toxic to the plant (57, ?6). Hook (72) has postulated that Nyssa
aquatica can avoid being damaged in this way by producing secondary roots,
thus increasing the size of the root system to compensate for the lack of
efficiency and reducing the concentration of ethanol per unit tissue.

A large number of plants possess the ability to transport oxygen to their
roots. This characteristic is associated with but not confined to flood-
tolerant species. Corn, turnips, barley, carrot, lettuce, beets", leek, pea,
onion, rye grass and cabbage (63) all have been shown to transport oxygen to
their roots, but none of these species is considered flood-tolerant (72).
This adaptation is more common in herbaceous species (6l). Woody species,
including Populus petrowskyana, Salix alba, S_. repens, jS. atrocinerea and iS.
fragilus have also been shown to transport oxygen to the roots. Lenticels on
the stem were shown to contribute to this process (7, 27). Other woody
species which can transport oxygen to their roots include Frrainus pennsylva-
nicum, Nyssa aquatica, N. sylvatica, Avicennia nitida, Picea abies, Liqui-
dambar styracif lua, Liriodendron tulipfera, and Platanus occidentalis (73).
Ananas comosus (pineapple) can also transport oxygen to its roots. The gas
moving to the roots was observed to contain up to 78$ oxygen, most of which
was believed to have been produced during photosynthesis (H2).

The ability to develop adventitious and secondary roots has also been
associated with flood tolerance (60). The original root systems of the flood-
tolerant species Fraxinus pennsylvanicum, Platanus occidentalis, and Nyssa
aquatica deteriorate when flooded, but secondary roots develop to replace
them which are more succulent and less branched (71). Most flood-tolerant
species develop adventitious roots at or below the water line (60). The
adventitious roots of Salix alba can replace the original root system by
growing in the sediment deposited by flood water (119). This could also be
true for other species. It has been postulated that adventitious roots in
flood water can carry on the salt-absorbing function while the damaged
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original root system continues to contribute to the water absorbing needs of
the tree (85).

The ability to withstand elevated concentrations of C02 in the soil has
been proposed as contributing to species ability to withstand flooding (72).
This possibility has been neglected due to the generally accepted belief that
low oxygen and not high COg is the main cause of damage to roots in flooded
soils (86). Nyssa aquatica seedlings are more tolerant of flooding and of
high CC>2 concentrations in the root zone than Liquidambar straciflua. N.
aquatica was not affected by exposure to 2 or 10% C02 in the root zone for up
to 15 days, whereas 30$ C02 over the same period retarded root and shoot de-
velopment and decreased the rate of transpiration. L. styraciflua exhibited
chlorosis when exposed to 2$ and was killed by exposure to 10 to 30$ C02 for
15 days (71).

The exact nature of the flood-tolerance mechanism for any species has*
not been determined. There could be contributing mechanisms other than the
ones discussed above. The work done indicates that a combination of adapta-
tions can be responsible for flood tolerance. Nyssa aquatica is tolerant of
high C02 concentrations in the soil, it can undergo anaerobic respiration, it
develops adventitious and secondary roots and it can transport oxygen to the
roots. All these adaptations are believed to contribute to its tolerance of
flooding (72). The ability of five hardwood trees to tolerate flooding was
found to correspond to their ability to transport 02 to the roots, develop
adventitious roots and undergo anaerobic respiration. The more flood toler-
ant the tree, the more developed were these adaptations. The trees in order
of increasing flood tolerance were Liriodendron tulipifera, Liquidambar styra-
ciflua, Platanus occidentalis, Fraxinus pennsylvanica and Nyssa aquatica (71\

The mechanisms which enable a species to adapt to flooding have evolved
in response to flooding. The conditions on a sanitary landfill may resemble
flooding in terms of anaerobic soil conditions but there are significant dif-
ferences between the two environments, the most dramatic departure being the
lack of water on the landfills. Most flood tolerant species develop adventi-
tious roots which would not be able to develop under landfill conditions due
to the lack of water. It is not known to what extent these roots contribute
to flood tolerance. It has been postulated that adventitious roots develop
in response to a build-up of growth regulators and carbohydrates at the base
of the stem and are a response rather than adaptation to flooding (8k).
Anaerobic soil conditions could be more stable on a landfill than during
flooding and not give the trees a chance to grow at all. The ability to
withstand high concentrations of C02 in the soil might be more important on a
landfill where the concentrations of C02 in the soil can exceed Uo$ (52).

EFFECT OF OTHER SOIL PARAMETERS ON PLANT GROWTH

Soil Temperature

A number of investigators have characterized the optimum temperature for
root growth of some selected species. As early as the 19th century, King
found that corn roots responded quite differently to different soil tempera-
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tures throughout the growing season (77). Early in the season, cooler soil
temperatures promoted more horizontal root growth than later in the season
when higher soil temperatures caused the roots to respond by growing verti-
cally. Burstrom (23) in 1936, found that total growth in length of wheat
roots is optimum at temperatures around 68°F and decreases at temperatures
above and below this optimum. Richardson (12U) described a similar relation-
ship for silver maple (Acer saccharinum). Soil temperatures of 68°F were
reported by Rufelt (128) as optimum for maximum growth of wheat plants. The
tops of oats generally grow better at 70 °F and the roots at 6o°F indicating
a difference in the optimum temperature for root and shoot growth, respec-
tively.

Total dry weights of both roots and shoots are influenced by the tem-
perature of the''root''zone.? Maximum dry weight of wheat plants increased with
decreasing temperatures from 86°F to 50°F, whereas optimum growth of rye
grass tops occurred at 67°F with growth decreasing as the temperature was
raised to 82°F or lowered to 52°F (107). This same temperature range has
been reported for barley (118), rye grass (110), corn, bromegrass (106), oats,
tobacco (111), and tomato tops (3*0. The foot growth of wheat and other
species was found to be optimum at about 68°F whereas Italian rye grass roots
grew best at 52°F (106).

Moisture Stress

Because of their perennial nature, long life, and potentially large size,
trees require special consideration in the study of their growth and develop-
ment under environmental stress. For example, water stresses during several
separate growing seasons may affect each year's growth increment and thus,
the effect of a given water stress is different in a tree seedling than in a
mature tree. Drought during a critical period one year may result in reduced
food storage for utilization in growth the following year, and the effect on
development of wood tissue or of flowers and fruits can "be appreciable for
several succeeding years. The root/shoot ratio may be seriously affected by
water deficits in woody seedlings, whereas in large trees the more important
effect of the same deficits may be in the distribution of growth along the
annual sheath of wood.

There is convincing indirect evidence that shoot growth in trees is
related to water stress. Forest mensurationists find tree height the most
sensitive growth parameter for measuring site productivity, to which the
generally accepted key is soil moisture (121, lUl, 159). Correlations be-
tween rainfall and shoot growth have been attempted with various degrees of
success for many decades (102, 113), "but there is little doubt that longer
shoots are produced in wet years than in dry years by many tree species on
upland sites. Root tissues are probably never at as severe water stress as
shoot tissue because of the time lag in the build up of water tension between
the transpiring leaf and the absorbing root.

Soil water stress reduces the number, rate of expansion, and final size
of leaves. In species whose entire leaf crop for one year is present as
preformed primordia in the overwintering bud, water stresses of the preceding
year regulate the numbers of leaf primordia that form in the developing bud
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(UO, 8l). In these species, e.g. Pinus strobus, water stress during the
period of shoot growth has no significant effect on the numbers of leaves
that mature, but results in smaller leaves spaced closer together and ulti-
mately less leaf weight (93). Clemments (29) found that numbers of needle
fascicles on current shoots of 20-and 5-year old Pinus resinosa were directly
proportional to the frequency of irrigation during the previous growing sea-
son. Therefore, it can be concluded that the previous year's deficits may
affect tree species whose leaf primordia are all preformed in the overwinter-
ing bud by reducing leaf numbers, and that current year deficits may reduce
the size of leaves and their spacing along the shoots. In other species e.g.
Pinus taeda, which can add new foliage throughout the growing season, not all
leaf primordia are preformed in overwintering buds, so water deficits during
the season of flushing probably reduce production as much as deficits of the
previous season (163). Zahner (163) showed that for sapling-size Pinus taeda
grown outdoors in large containers, the 2-year effect on elongation of the
terminal leader of well-watered trees was almost twice that of trees subjected
to extreme drought conditions.

Lotan and Zahner (93) measured elongating needles on 20-year old Pinus
resinosa trees under conditions of imposed drought and irrigation. Needles
on the irrigated trees expanded for several weeks longer, at a 30% faster
rate, and reached a Uo/0 greater length than needles of trees under the drought
treatment.

Root growth is also adversely affected by soil moisture stresŝ  Two*,
studiesThlivê empnasiẑ  as the soil drie's,
and the re suiting, physical impedence of penetration by;; a; root tip is consid-
ered a limiting factor independent of the deficiency of"water for absorption
(10, 1U8). Therefore,.the failure of roots to grow into dry soil is probably
more the result of physical impedence than of soil water stress. However,
cambial growth continues slowly in dry soil because dry soil should not ap-
preciably affect secondary growth (8l).

EFFECT OF SOIL PARAMETERS ON SOIL PROPERTIES

Soil Temperature

The processes of ammonification and.nitrification in soil are among those
affected by soil temperature (128, 157). A temperature between 77°F and 99°F
was found to be optimum for the activities of the nitrifying bacteria (1̂ 7,
156); above 130°F and below U5°F the nitrification rate was severely reduced
(156). Ammonification requires a higher optimum temperature (10U°F) and the
bacteria responsible can remain active at higher temperatures than the nitri-
fying bacteria. Frederick (55) and Sabey (130) studied nitrification in
greenhouse pots of soil without plants. Both corroborated the results of the
previous investigators in that higher rates of nitrification were associated
with increasing temperatures (from 36°F to 95°F and from 32°F to 86°F,
respectively) and that nitrate formation was entirely inhibited at tempera-
tures of 10U°F (lU7, 156).
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Low 02 Tension

Several investigators have found' that oxygenvconceabration..in the soil
strongiyMUnTltfs£ce1if̂ ^
tions and finally affecting plant growth.

Ponnamperuma (11?) has reviewed a large quantity of the literature con-
cerning the dynamics of flooded soils i.e. soils low in oxygen concentration.
It is common knowledge that the moment a soil is flooded, its oxygen supply-
is virtually cut off. Oxygen can enter the soil only by molecular diffusion
(which is 10,000 times slower than in the absence of water) (71) or by diffu-
sion of gaseous oxygen through plants from aerial parts through aerenchyma
cells continuous with the roots.

When the oxygen supply to the soil is cut off, aerobic organisms quickly
deplete the oxygen remaining in the soil and become quiescent or die. The
facultative anaerobes, followed by the obligatory anaerobic organisms, then
take over the decomposition of soil organic matter; using oxidized soil com-
ponents such as nitrate, manganic oxides, ferric oxides, sulfate, or phos-
phate; or dissimilation products of organic matter as electron acceptors in
respiration.

Nitrate is the first soil component to undergo extensive reduction when
oxygen becomes limited (117). Although it is known that nitrate reduction
(denitrification) often occurs in slight amounts in well-aerated soils at
optimum moisture level, the percentage of nitrate lost is usually not signif-
icant until the oxygen concentration is 12$ or lower. A concentration of
Q.k6% oxygen resulted in .comparatively large nitrate losses through denitri-
fication (18).

Almost coincident with denitrification is the reduction of the higher
oxides of manganese (Mn02, 1*1203, Mn30̂ ), because of their similarity to
nitrates with respect to redox potential in flooded soils. The reduction may
result from these compounds functioning as either (a) electron acceptors in
the respiration of microorganisms or (b) chemical oxidants (95). Reduction
of the oxidized forms of manganese causes an increase in soluble or
manganous-manganese in the soil solution.

The next soil constituent to be reduced in the thermodynamic sequence is
• This reduction process operates at a considerably lower redox

potential than that required for the two previously mentioned compounds (31).
The process releases soluble or ferrous iron into the soil solution which can
then be taken up by plants or complexed with other molecules.

The reduction of sulfate to sulfide occurs only when the soil has under-
gone appreciable reduction i.e. when the redox potential has fallen to a very
low value (H6). However, in soils high in iron, the likelihood of H2S toxic-
ity to plant roots is minimal because of the formation of insoluble FeS.
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ESTABLISHING VEGETATION ON LANDFILLS

Cremer (33), in 1972, planted seedlings of four species of pine in a
simulated sanitary landfill wherein raw refuse was placed in steel containers
on top of which was placed two feet of soil. After one year the seedlings in
these containers were growing as well as the controls.

More, Molze and Browning (101), in 197̂ , proposed that transpiration by
vegetation can reduce the amount of leachate escaping from a landfill. Their
study was conducted in a lysimeter designed to simulate landfill conditions.
Raw refuse was interspaced with soil in the lysimeter and two feet of soil
placed on top. Four woody species were then placed in the lysimeter: silver-
berry (Elaeganus pungens), black locust (Robinia pseudoacacia), bristly locust
(Robinia hispida), and slash pine (Pinus elliottii}^All these species grew
well in the simulated landfill and were able to reduce the amount of water
leached from the modified lysimeters. The roots of the plants grew through
the refuse and no methane was reported to have been produced in the lysim-
eters, indicating that anaerobic conditions did not occur in this simulated
sanitary landfill.

«..Such systems in which smal 1 amounts of refuse are placed in containers
(lysimeter) do not reproduce true, landfill conditions.- —The small amounts of
refuse used cannot duplicate the temperature, gas production, or settlement
generated by'"'the large 'quantifies'" of refuse that occur in real landfills.

Swope (1̂ 6) in 1975, conducted a survey of 2U completed landfills in the
state of Pennsylvania. - He concluded that 19 of the 2k landfills had vegeta-
tive cover inadequate to prevent erosion. Considering only the seeded
portions of the nineteen revegetated landfills, twelve were observed to have
cover inadequate to prevent erosion. Of five landfills on which no attempts
had been made to establish vegetation, four were judged to have a cover of
volunteer vegetation inadequate to prevent erosion. The physical soil char-
acteristics most often found limiting to vegetative growth''were: low soil
fertility, droughtiness, high percentage of course fragments in the soil,
slope, and lack of adequate soil cover. The effects of'landfill gas contami-
nation of the soil were not examined.

There have been numerous attempts to establish trees and other forms of
vegetation on completed sanitary landfills (52). These attempts unfortu-
nately were not designed as controlled experiments. In a national survey,
Flower et al (52), examined a number of completed sanitary landfills and
reported that problems with the establishment of vegetation included: lack of
soil cover, droughty conditions, poor quality cover material, poor planting
practices, lack of care, and landfill gas contamination of the soil. In many
instances there was a strong direct correlation between the poor growth of
vegetation and the occurrence of landfill gases in the soil. Symptoms exhib-
ited by woody species exposed to landfill gas contamination were: a general
lack of vigor, dieback, scorching of the leaves or needles, and rapid death.
The death of vegetation on or adjacent to landfills caused by landfill gases
has also been reported in Japan (152), and Canada (6).
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SECTION 5

EXPERIMENTAL PROCEDURES

FIELD STUDIES

Selection of Appropriate Site for Landfill Vegetation Field Study

An ideal site for the species screening and gas-barrier technique study
was defined as one which has a relatively high combustible gas concentration
and adequate drainage. The control site should be located on virgin land,
close to, but not adjacent to the landfill and have no combustible gas in its
soil atmosphere. The sites should be large enough to accommodate a four foot
spacing between adjacent trees.

An appropriate site for the experiment was located on the tidal marsh of
the Raritan River in East Brunswick, New Jersey a distance of about two miles
from the Cook Campus (Figure 1). The site had been operated as a landfill
since the early-1960's by the Herbert Sand Company which offered space on the
landfill and space on a nearby undisturbed tract of land for the experimental
and control plots respectively.

Adjacent to the southern boundary of the landfill is a woodlot. This
was an island used as a defensive position by colonial forces during the
Revolution. All other landfill boundaries are tidal creeks that flow into
the Raritan River or other landfills located over marshland.

The geologic history of this area is Atlantic Coastal Plain with the
Piedmont Plateau boundary less than one mile to the North and West. Accord-
ing to Patrick et al (112), the soil would be sassafras loam or sandy loam
with a sand deposit that is quarried on the southern side of the woodlot.
The soil covering the landfill seems to be a sassafras subsoil as indicated
by the presence of quartz and other stones with a reddish-yellow to yellow-
brown tint (1U9). • "'

•KCharacterization of Vegetation on Edgeboro •Landfill ' ... !

In order to evaluate the degree of change imposed on the area by our :*
experimental plantings, we first characterized volunteer vegetation in the
area. For the most part the work in surveying the native vegetation was
accomplished with a minimum of equipment (36). The mapping was performed by
use of a hand-held compass, and the distances were measured by pacing on the
landfill and by the use of a wheeled odometer on the woodlot. The bearings
and distances measured were placed on graph paper to show the respective out-
lines of the two areas studied. Plotting the map on graph paper helped in
determining the area by the formula using a coordinate system.
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New Jersey Turnpike
Interchange

Control Plot'
Experimental Plot

Figure 1. Location of landfill vegetation growth experiment,
East Brunswick, New Jersey
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2(Area) = Y

Twenty-five randomly stratified plots, 50x50 feet, were used to deter-
mine the composition and successions! changes in the woodlot (Figure 2). In
each plot, the DBH (diameter at breast height, U-| feet) of all trees over two
and one-half inches was recorded with the use of a 2U-inch tree caliper. In
the case of one sassafras tree a metric biltmore stick graduated at two cen-
timeter intervals was used and the result converted to the English system.
The shrub layer was measured by the number of stems in a plot.

On the landfill, stems of all woody species were counted since only three
trees were above the minimum stem DBH of two and one-half inches. As a check
to note the effectiveness of the woodlot as a seed source, the number of
stems on each side of the road dividing the landfill approximately in half
from the southwest corner to the northeast corner was determined.

Unfilled Island Vegetation—
The island was divided into nine different regions that are at varying

stages of succession or are dominated by a defined cover type (Figure 2).

1) Grass and rose stage - Here the dominant species are Andropogon
virginicus, Phragmites australis and Rosa spp. Over most of the area
Andropogon is dominant except where the moisture seems to collect, and here
Phragmites will tend to be dominant. Different species of wild roses come up
through these grasses and tend to prepare the soil for the next stage of
development.

2) Bayberry-smooth sumac stage - The roses give way to a thick shrub
cover of bayberry (Myrica pensylvanica) and smooth sumac (Rhus glabra).
Seedlings of black cherry (Prunus serotina) and black gum (Nyssa sylvatica)
appear through this canopy starting the succession toward a forest cover type.
Arrowwood viburnum (Viburnum dentatum) acts as an understory to both sumac
and bayberry, but eventually replaces the latter as the dominant shrub while
the former attempts to become the canopy species.

3) Smooth sumac-black cherry-sassafras stage - A tree canopy becomes
established with sumac and cherry predominating and sassafras (Sassafras
albidium) advancing as a challenger for the dominant position. Smooth sumac
has to be considered a tree species here since it reaches 20 feet in height
and a maximum of 5^ inches DBH. Black gum is co-dominant to the other three
species while the major understory species is flowering dogwood (Cornus

. florida). Bayberry is still present in the shrub layer, but is losing fast
to the Arrowwood viburnum under a closed canopy. A small number of red maple
(Acer rubrum) are associated, but never become more than an associated co-
domihant species.

k) Black cherry-sassafras-black gum stage - This stage is more or less
the same as the previous stage, but smooth sumac has dropped out from com-
petition and oak-hickory regeneration has started. The shrub layer is domi-
nated by arrowwood and the understory by flowering dogwood. After this stage
the succession will go to oak-hickory or to sassafras if it can regenerate
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Successional
Stages of Woodlot

Sampling Plots
Grass and Rose
Bayberry-Sumac

Sumac-Blk. Cherry-Sassafras
Blk. Cherry-Sassafras-Blk.Gum

5 H Ailanthus-BUt. Cherry
6 tv| Oak-Hickory
7 Mj] Sassafras
8 W\ Pine-Oak
9 f\j Aspen-Birch

Figure 2. Species distribution on landfill and successional stages on adjoining woodlot.



vigorously.

5) Ailanthus-black cherry stage - Ailanthus (Ailanthus altisslma)
replaced smooth sumac earlier in the succession and becomes the dominant
species with "black cherry co-dominating. The succession seems to follow the
same sequence as from stage 3)> "the only exception being that Ailanthus will
take longer to succumb to the more tolerant species so that oak-hickory re-
generation will occur while it is still present in the canopy.

6) Oak-hickory stage - This type resembles Type Uo (Post Oak-Black Oak)
of the Society of American Foresters (5*0. Black oak (Quercus velutina) and
bitternut hickory (Carva ffordi-Pormts) are the dominate canopy trees with
black gum, post oak (Quercus stellata), sassafras and black cherry in the
co-dominate position.

7) Sassafras stage - An allelopathic substance from the leaves of
sassafras inhibits the regeneration of other species and a stand is produced
that will be mono-species in content for a long part of its life. The re-
generation of sassafras under its own canopy is slow to non-existent in older
stands. The stand in the woodlot has the largest tree present, 33 inches
DBH, plus two others over 20 inches DBH. This is S.A.F. Type 6H (5*0-

8) Pine-oak stage - This is a Society of American Foresters (S.A.F.)
Type 76 (5k) with Virginia pine (Pinus vlrginiana) dominant with advance oak
regeneration of post oak, black oak, blackjack oak (Quercus marilandica), and
pin oak (Quercus palustris) as the rising co-dominant species (97).Red
maple is associated with this cover type and would seem to take a secondary
position with black gum to the species mentioned above.

9) Aspen-birch stage - Although this is an earlier transition form, it
is not the dominate form on the north side of the woodlot. On the south side
this quaking aspen-grey birch variation of S.A.F. Type 19 (5*0 has a much
higher coverage. Quaking aspen (Populus tremuloides) and grey birch (Betula
populifolia) form the dominate cover of this area with a shrub layer changing
from bayberry to arrowwood. The associated species are black gum and Malus
spp., the latter is either a domestic apple or one of the types of wild
crabapples.

Landfill Vegetation—
The landfill itself is still too early in succession to designate a

forest cover type or one that may be emerging, so three areas of examination
were conducted: the ground cover, the shrub layer and the arborescent vege-
tation that is developing.

1) Ground cover - This is very similar to stage one in the woodlot,
Andropogon is predominant with Phragmites localized. Trailing strawberry
(Euonymus obvatus) and greenbriar (Smilax rotundifolia) crisscross the open
areas with the former being the only live vegetation over the gas upwellings
when it sends a stolon from one side of the gas area to the other.

2) Shrub layer - Bayberry and smooth sumac are the predominant shrubs,
forming pure patches in localized areas scattered over the landfill. Not as
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numerous, but still present are the wild roses and the Malus spp. found as
scattered bushes over the area. Found now in greater numbers or for the
first time, are the black haw (Viburnum prunifolium), highbush blueberry
(Vaccinium corymbossa) and witch hazel (Hamamelis virginiana), probably from
the Raritan River Flood Plain, which represents another seed1source influ-
encing the landfill site. These occur as scattered bushes for the most part.

3a) Arborescent vegetation, north side - Black cherry is very numerous,
being about six times as numerous as ailanthus, black gum, and red maple.
Lesser amounts of pin oak, sweet gum (Liquid-ambar styraciflua), boxelder
(Acer negundo), green ash (Fraxinus pennsylvanica), and cottonwood (Populus
deltoides), again probably from the flood plain, were found with the usual
old-field, species grey birch, eastern redcedar (Juniperus virginiana), short-
leaf pine, sassafras, and black locust (Robinia pseudoacacia).Most of thej

where there is probably^more•?
' upwelling seems to be responsible'

"mst, if not al, these trees.

3b) Aborescent vegetation, south side - The area here is greater than
that on the north side of the road, but the vegetation is sparser. The num-
bers of black cherry are about one-third less than on the other side, but it
is still the most numerous species found. A small grove of green ash is
found on the northeastern corner of this section, near a patch of Phragmites,
numbering about two-thirds the amount of black cherry found here. Associated
with the green ash are boxelder, and honeylocust (Gleditsia triacanthos),
again species found on river bottoms. The rest of the species found in
reducing frequency are eastern redcedar, grey birch, red maple, sassafras,
ailanthus, shortleaf pine, black gum, and quaking aspen, all of which are
found in the woodlot.

Discussion—
At first the flood plain was not considered a major seed source, but

because of the prevailing winds from the northwest and the large numbers of
birds and rodents from the flood plain visiting the landfill, a reversal in
thinking occurred after the data were collected. The prevailing winds work
against the woodlot as a source of windblown seed as shown by the low number
of shortleaf pine seedlings. The seedlings of pine found on the landfill
showed a distribution pattern emanating from the southwest. When the winds
are from this direction they blow through the pine stand. The flood plain is
then the major source of wind-blown seeds while probably equal to the woodlot
as a source of animal-borne seeds.

The presence of two seed sources will show a different trend than that
seen in the woodlot. This greater number of species may be an added benefit
since'a greater variety of responses of more trees can be seen than if there
were but one seed source.

Any trend now seen on the landfill would be superficial, since major
root competition is just beginning to occur in the soil. The soil depth
variesi on ,thgJLandfill from the edges where more soil is usually found to
the" areas "of gas upwellings that have been eroded by the wind to expose the
refuse! Billings (13) states that Virginia pine has most (56-6U$) of its
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root system in the top 6 inches of soil, while oaks and other more tolerant
species tend to have deeper root systems. The distribution of roots into the
deeper portions of soil increases with time over the life of the stand. The .»
next ten to twenty years will be the true test of this natural vegetation-to«
see*whether'the roots do penetrate the refuse or if the refuse acts as a
barrier and prevents penetration. The result may then be an edaphic climax
or a constant shifting of types until no gas exists in the soil. Roots often
have the habit when possible, to circumvent a barrier and send roots to areas
more favorable, as shown by Stout (1̂ 5). One Virginia pine in particular,
found growing on the landfill was checked for the presence of mycorrhizal
fungi after a basidiocarp was found adjacent to it. The fungus was not
identified, but the pattern of the tree roots was striking. _AAJLajteralniropt
from the sapling grew out of the north side of the tree and swung clockwise >
,f .'.-i-i-'t r — '-..,_ ,4 f —+^ . ^_r . . • • . . • , ' ; - . - * • •i=.-.. . -a•"•••; —*i*. f-ff̂ - • •••*=•* r»^*- » • *•"- j <- *•

around the tree until it found a path to a better sbil'cohcLitiorrmarked Isy
increased vegetation. On the eastern and western sides of the tree, areas
of gas upwelling were found. A second pine in a similar situation had very
poor form and vigor, and a check of the roots showed an absence of
mycorrhizal fungi and a compact root system.

Final Evaluation--
Vegetation succession on the landfill is still in the very early stages

of tree growth (9, 100). Patterns are not occurring too far out of sequence
even though the number of trees may be high for the age of abandonment
(eleven years). A study of the patterns of root growth of these trees could
be quite useful in understanding the problems that occur in establishing
plantings on landfills. Coupled with these observations mycorrhizal fungi
could be evaluated for their help in relieving vegetation stresses that occur
here. Table 1 summarizes 'the main species found on the Edgeboro Landfill
site and adjacent island.

TABLE 1. TREE DISTRIBUTION AND DENSITY - EDGEBORO LANDFILL AND ISLAND

Species
Number Found On Landfill Also Present In
North Section South Section Woodlot Test Plot

Acer rub rum
Acer negundo
Ailanthus altissima
Betula populifolia
Fraxinus pennsylvanica
Gleditsia triacanthos
Hamamelis virginiana
Juniperus virginiana
Liquidambar styraciflua
Malus spp.
Myrica pensylvanica
Nyssa sylvatica
Pinus echinata
Populus deltoides

15
1
17
7
3
0
0
3
3
3
ho
16
9
l

3
2
2
3
19
2
1
9
o
U

115
1
1
0

X

X
X

X
X
X
X

X
X

X
X

Genus

(continued)



TABLE 1. (continued)

Number Found On Landfill Also Present In
Species North Section South Section Woodlot Test Plot

Populus tremuloides 0 I X Genus
Prunus serotina 86 30 X
Qaercus palustris k 0 X X
Rhus glabra 3^0 282 X
Robinia pseudoacacia 5 0 X -
Rosa spp. 38 16 X -
Sassafras albidium 3 3 X -
Vaccinium corymbosa 18 19 X -
Viburnum prunifolium 38 5 X -

Total Area

Woodlot = U63,150 square feet = 10.63 acres
Landfill = UU2,?00 square feet = 10.16 acres
X = presence

= not found
Genus = different species of same genus found

Site Conditions

The refuse in the Edgeboro landfill ranges in depth from 20 to 35 feet
and consists primarily of municipal refuse plus some light industrial waste.
The areas on the landfill where these data were collected were completed
between 1966 and 1969. There is a foot or less of final soil cover over the
refuse. No attempts have been made to vegetate this landfill; therefore, all
vegetation observed growing on it consists of volunteer native species.

Ten permanent stations were established on the landfill where vegetation
was either growing very well or not at all (Figures 3 and U, Table 2).
Acrylic gas sampling devices (Figure 5) designed to enable extraction of a
micro-sample of the soil atmosphere for gas chromatographic analysis were
buried at a depth of 10 inches at each of these stations.

The depth of cover material at the permanent stations was determined by
digging five holes with a spade. Each approximately 18-inch diameter hole
was dug until the refuse was reached. Then a yardstick resting on undis-
turbed soil was placed across the top of the hole. A second yardstick was
used to measure the distance from the top of the cover. This distance was
recorded as the depth of cover.

The soil atmosphere was analyzed by two methods, one utilizing a macro-
sample, one a microsample:

1) The macrosample was obtained by means of the MSA model 2A Explosi-
meter and Fyrite 02 and C02 analyzers. The 02, and C02, and
combustible gas readings were all taken from separate holes within 1 foot of
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each other when taken at the same station.

2) A microsample was obtained by first extracting a 5 ml. gas sample
through the sampling device (Figure 5) with a syringe and discarding it.
After extracting this volume, the tygon tubing was pinched to prevent a back
flow of ambient air. A 0.5 ml. sample was then extracted through the
sampling device with a gas-tight syringe and the sample sealed in the syringe
by inserting the needle into a rubber stopper. The sample was then analyzed
in a Carle model 8500 gas chromatograph equipped with a porpack Q and molec-
ular sieve column system and a thermal conductivity detector.

The gas chromatograph was calibrated with standard gas concentrations
supplied by Ma the son Gas Products of East Rutherford, New Jersey. A flow of
gas was established through a soft rubber tube, one end of which was attached
to the regulator on the standard gas cylinder and the other end immersed in
water to prevent a back flow of ambient air. A gas-tight syringe was then
used to extract a 0.5 ml. sample through the tubing and inject it into the
chromatograph. The recorder attached to the chromatograph was equipped with
an intergration unit which translates the area under the gas peaks into
standard units which were then plotted against the known concentrations of
the gas to produce standard curves. The calibration procedure was performed
once a month. Once a week a standard gas concentration was passed through
the chromatograph to insure accuracy of the calibration curves.

TABLE 2. DESCRIPTION OF PERMANENT STATIONS ON THE
COMPLETED SANITARY LANDFILL

Station Description

A.

B.

C.

D.

E.

Oval area approximately 50 feet long by 38 feet wide,
tion growing in this area.

No vegeta-

Kidney shaped area about 500 feet long by 25 feet wide. Very
little vegetation-only a few scattered clumps of brome grass
covering less than 5% of the surface area.

Circular area approximately 25 feet in diameter. At the center
was a pin oak tree 15 feet high with a DBH of 8 cm. Moss was
observed growing under the oak and brome grass grew all around it.
The vegetation in this area provided 100% cover.

Round clump of staghorn sumac about 15 feet in diameter. The
sumac was about 6 feet high at the center. It appeared healthy,
exhibiting good growth this season. Also in this area was a 10
foot high sweet gum tree with a DBH of U.5 cm. It also exhibited
good growth this season. The soil in this area tended to be very
wet.

Oval area approximately 20 feet long by 10 feet wide. Brome grass
was growing in this area in sparse clumps providing about 25%

(continued)
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TABLE 2. (continued)

Station . Description

cover. This was the only poorly vegetated station vhere vegeta-
tion appeared to be increasing its percent coverage during the
course of this study.

F. Irregularly shaped 10 feet diameter group of staghorn sumac and
peach trees. The sumac was 4.5 feet tall. It did not exhibit
good growth this year. There were two peach trees, one about
k feet high and one 6 feet high, which appeared healthy. The
larger exhibited a good production of fruit in 1977.

G. Round area about 25 feet in diameter. No vegetation was observed
growing here.

H. Round area about 25 feet in diameter. There was a good cover of
brome grass and weeds in this area, providing close to 100% cover.

I. Round area about 15 feet in diameter. A .smal] group of peach
trees about 6 feet high. These trees exhibited poor growth this
year. There was also a 6-foot-tall crab apple tree with a DBH of I
k on. that appeared healthy and grew well this year. There was a j
considerable amount of refuse on the surface in this area. News-
papers found in the refuse were dated January, 1969.

J. Oval area approximately 18 feet long by 10 feet wide. The vegeta-
tion in this area provided less than 5$ cover. It consisted of
a few scattered clumps of brome grass and one chlorotic staghorn
sumac 10 inches high. There was a considerable amount of refuse
on the surface in this area. A newspaper found in the refuse was
dated November, 1968.

K. Irregular area approximately 15 feet in diameter. There was a
healthy stand of peach trees here about 7 feet tall which grew
very well in 1977.

Preparing The Experimental And Control Field Plots

Two field experiments were designed; one to screen tree species for
adaptability to landfill conditions and the second to test gas-barrier sys-
tems for effectiveness in preventing contamination of root zones by landfill
gases.

Species Screening Experiment—
One foot of sandy subsoil was spread over the entire experimental screen-

ing area followed by 8-10 inches of topsoil. Because there were two or three
inches of original soil cover over the refuse prior to construction, this
brought the total cover to approximately 2 feet.
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Following removal of the native vegetation, one foot of the same sandy
subsoil spread on the experimental landfill plot was deposited on top of the
control area. Eight to twelve inches of topsoil were then placed on top of
the subsoil. The topsoil layer was about 2 inches deeper here than in the
experimental plot. This was due to the need for extra soil to fill in the
tracks created by the large tractor used to level the area.

Combustible gas readings were taken by means of the MSA Model 2A
Explosimeter over much of the site at 50 foot intervals until a large enough
area vith high combustible gas concentrations was found.

The experimental plot measures 72'xl08', an area large enough to accom-
modate ten replicates of nineteen different tree and shrub species and five
landfill gas-barrier systems (Figure 6). The control is located approximately
a quarter-mile from the experimental plot and is on a former undisturbed
woodland. It measures 6̂'xllO1 and accommodates ten replicates of the same
nineteen species planted on the experimental plot, in addition to two gas-
barrier systems (Figure 7).

The experimental landfill plot is exposed to strong winds and driving
rains, as is typical of many of the larger landfills. The control plot,
located on the north side of an adjacent wooded rise, is only moderately
exposed on the south and southwest -where native woodlands remain. These
native woods comprise sassafras, red oak, m'ockernut hickory, red maple and
dogwood, species typical of a young forest community which normally follows
20-30 years after a disturbance such as a fire or clear cut.

Drainage on both the experimental and control plots is good and should
not be a limiting factor for tree growth.

Gas-Barrier Techniques—
Following the designation of the experimental plot, the precise bound-

aries for three 10'xlV trenches and two lU'xlS1 mounds were determined by
selecting the areas of highest combustible gas concentration in the soil
atmosphere. A caterpillar tractor bulldozer was used to dig the three 3
foot deep trenches and to move the excavated rubbish from the experimental
site.

In order to prevent landfill decomposition gases from penetrating the
soil, the -three trenches were lined at the bottom with various barrier
materials prior to backfilling with topsoil. One of the two mounds was
underlain with a barrier whereas no barrier was used in the second mound.

Plastic/gravel/vents trench--This trench (Figure 8) was lined with a
one-foot layer of 1 inch round road gravel which was deposited on the trench
bottom by means of a front-end loader and spread out evenly with a hand rake.
Two plastic gas samplers were buried in the gravel to permit the analysis of
accumulated gas. Ten holes were then dug in the gravel around the periphery
of the trench into which were placed ten 5-foot long, U-inch diameter per-
forated polyvinyl chloride pipes. The perforations are \ inch in diameter
and are orientated at 9°° angles at 6 inch intervals. A l6'xl2' sheet of
U mil polyethylene plastic was cut to fit over the PVC pipes and placed on
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top of the road gravel. Presumably this made a seal through which no decom-
position gas could migrate. It was expected that the gas collected under the
plastic sheeting would be carried to the soil surface via the perforated
pipes, thereby bypassing the 3-feet of topsoil backfilled into the trench.
The tops of the ten perforated pipes extend approximately 1 foot above the
soil surface.

Clay/vents trench — This trench (Figure 9) ̂ as lined at the bottom with
a one-foot layer of clay similar to that used in California to exclude de-
composition gases. The clay was obtained from virgin land about one-half
mile away and brought to the site via a large earthscraper tractor. A
front-end loader was then used to deposit the clay on the trench bottom.
Some of the clay was friable and could be easily spread by hand shovel;
however, a large portion of it had to be broken into smaller pieces to allow
for better compaction. After the clay was adequately spread, it was packed
down tightly by foot. Ten ventilation pipes, similar to those used in Figure
8, were placed vertically around the periphery of the clay bed, hopefully,
to remove the gases of landfill decomposition prior to their entering the
trench. Finally the trench was filled with 3- feet of topsoil.

Clay/no vents trench- -This trench (Figure 10) was lined at the bottom
with a foot-thick clay layer as was the previous trench. However, this
trench has no perforated pipes for venting landfill gas. After the clay was
spread and compacted, ̂ ,~feet of topsoil were backfilled into the trench.

Two experimental mounds were also constructed for preventing gas migra-
tion.

No clay mound — This mound (Figure 11) was constructed of the same qual-
ity topsoil as that used in the trenches. The final mound dimensions were
lU'xlS1 at the base, 8'xl2' at the top, and 3' in height with 1*5° sloping
sides.

Clay barrier mound — To keep the landfill gases out of the root zone,
this mound (Figure 12) (same dimensions as the previous mound) was under-
lain with a one- foot layer of the same type clay as used in trench- clay/ vents
and trench- clay. The clay base below the mound has an overall dimension of
l6'x20f thereby extending one foot beyond the base of the mound.

The control plot contained one trench and one mound constructed to the
same dimensions as those on the experimental plot with topsoil similar to
that used on the experimental plot. No gas barriers or vents are associated
with the trench or mound in the control plot.

Selection of Experimental Species

In order to test species representative of a maximum number of desirable
landscaping characteristics and a variety of genotypes, plants were chosen
from the following categories: deciduous shrubs, deciduous trees, needle-leaf
evergreens and a broad-leaf evergreen. Within .these categories, species were
selected for: l) tolerance rto low oxygen tension." eiovl!rorffi«itŝ "' 2) tolerance
to city conditions;' ST'aesthetic landscaping purposes; '̂̂ Cbiqliity; 5)
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susceptibility to
7)

\f. •

d ,̂ andf i^ to sea salt;

Nineteen species (Table U) were selected according to the above eight
criteria. American basswood and Japanese yew were chosen for planting on the
trenches and mounds because of their reported susceptibility to landfill
gases. All species chosen for the experiment were judged to be relatively
easily transplanted and obtainable at ""'local 'commercial' 'nurseries at a rea-
sonable cost.

Planting of Trees and Shrubs

The trees were spaced at k foot intervals to allow for several years of
growth uninhibited by adjacent trees. For random placement of the trees,
points were marked in rows on the plot to accommodate all the trees. These
points were assigned numbers in consecutive order on both plots from 1 to 210
and 1 to 2^0 (Tables 5a & 5b) (Figures 6 & 7) for the control plot and ex-
perimental plot respectively. For each species, ten of these numbers were
selected from a random numbers table, and the ten replicates were planted in
locations bearing these numbers on the dates shown in Table 6.

The planting holes were dug by means of a pick and shovel. Those for
bare-rooted trees were dug deep enough to accommodate the vertical expanse
of the root system and 3 to 6 inches wider than the lateral expanse. The
balled and burlapped trees and the trees in containers were planted in holes
as deep as the root ball or container and about 12 inches wider in diameter.
The holes extended down into the sandy subsoil in the majority of cases.

As the trees were placed in the holes, the topsoil was backfilled to
three- fourths of the original hole depth. The soil was packed firmly by
foot and watered. When the water had been absorbed, the remainder of the
hole was filled with topsoil and loosely packed by hand. A 2-inch ridge was
constructed around each tree to act as a catch-basin.

Because of the loss of roots when the trees were dug at the nursery,
the bare-rooted trees required branch pruning. This was done after the trees
had been planted. Thirty to fifty percent of most of the viable branches
was removed as well as all dead tissue.

The large deciduous trees were staked in order to stabilize them in the
soil and prevent windthrow. Two 2"x2"x6' Douglas fir stakes were driven into
the soil on either side of each tree perpendicular to the direction of the
strongest prevailing winds. Plastic chain- lock was used to secure the tree
between the two stakes.

Cultural Methods

Fertilizing- -
In 1976, soil nutrient analyses for both the experimental and control

plots indicated low nitrogen, phosphorus and potassium levels. In order to
bring these nutrients to a medium level in the soil, on April 16-17, 1977,
four pounds of 10:10:10 granular fertilizer were spread around each tree on



TABLE 3. TREE PLANTING SELECTION CRITERIA

ro

Trees Tolerance to Ubiquity Aesthetic Sea Salt Tolerance Susceptibility
Low 02 Tension Landscaping Tolerance to City to Landfill
Environments Purposes Conditions Gases

w
w
H
02

8
8
H
O

B

W
PO
p w
3g££
P w

Honey Locust
American Sycamore X
Red Maple X
Green Ash X
Black Gum X
Black Willow X
Pin Oak X
Ginkgo
Sweet Gum
American Basswood
Hybrid Poplar
Mixed Hybrid Poplar

Euonyraus
Bayberry X

X
X X

X X
X
X
X
X
X X
X
X X
X
X

X
X

Rhododendron

ID

White Pine
Japanese Black Pine
Norway Spruce
Japanese Yew

X
X
X
X



TABLE U. SPECIES SELECTED FOR VEGETATION GROWTH EXPERIMENT
AT EDGEBORO LANDFILL

Abbreviation Latin Name Common Name
Selection
Criteria*

Ar Acer rubrum
Ea Euonymus alatus
Fl Fraxinus lanceolata
G Ginkgo
Gt Gleditsia triacanthos
Ls Liquid arnbar styraciflua
Mp Myrica pensylvanica
Ns Nyssa sylvatica
P Populus
Pe Picea excelsa
Em Populus m
Po Plantanus occidentalis
Ps Pinus strobus
Pt Pinus thunbergi
Qp Quercus palustris
R Rhododendron Roseum elegans
Sb Salix babylonica
Ta Tilia americana
Tec Taxus cuspidata capitata

Red Maple 1,2,3
Euonymus 3
Green Ash 1,3
Ginkgo 3,5
Honey Locust 1,3
Sweet Gum 3
Bayberry 1,3
Black Gum 1,3
Poplar (Hybrid) 3
Norway Spruce 3
Poplar (Mixed Hybrid) 3
American Sycamore 1,3,5
White Pine 3
Black Pine 3,U
Pin Oak 1,3
Rhododendron 3
Weeping Willow ' 1,3
American Basswood 3,6
Japanese Yew 3,6

Selection Criteria

1. Tolerant of low 0? environments
2. Ubiquity
3. Aesthetic landscaping purposes
U. Sea salt tolerance
5. Tolerant to city conditions
6. Susceptibility to landfill gases

1*3



TABLE 5a. PLANT KEY FOR EDGEBORO LANDFILL TREE GROWING
EXPERIMENT FOR THE CONTROL PLOT

Tree Latin
Number Abbreviation

1 -
2 -
3 -
1* -
5 -
6 - .
7 -
8 -
9 -
10 -
11 -
12 -
13 -11* -
15 -
16 -
17 -
18 -
19 -
20 -
21 -
22 -
23 -
21* -
25 -
26 -
27 -
28 -
29 -
30 -
31 -
32 -
33 -

35 -
36 -
37 -
38 -

Ea
Tec
Fl
Ta
Fl
Ea
Po
Qp
Tec
Po
Ar
P
G
Ps
Po
P
Ls
Tec
Ta
QP
Mp
Sb
Fl
Ls
Pe
Ns
Sb
G
Pt
R
Ps
G
QP
Mp
Sb
Ea
Ar
Sb

39
1*0
1*1
1*2
1*3
1*1*
1*5
U6
1*7
1*8
1*9
50
51
52
53

55
56
57
58
59
60
6l
62
63
61*
65
66
67
68
69
70
71
72
73
71*
75
76

- Ls
- Pm
- Ar
- Pm
- P
- Pe
- P
- Ps
- Ns
- Pm
- R
- Ph
- Ta
- Gt
- Ls
- Tec
- Sb
- Mp
- Pm
- Ta
- Po
- Pt
- G
- Qp
- Ns
- Gt
- Gt
- Pm
- Ps
- Po
- Pt
- Ro
- Po
- Ar
- Ls
- Fl
- R
- Ns

77 -
78 -
79 -
80 -
81 -
82 -
83 -
81* -
85 -
86 -
87 -
88 -
89 -
90 -

1 91 -
92 -
93 -
91* -
95 -
96 -
97 -
98 -
99 -
100 -
101 -
102 -
103 -
ioi* -
105 -
106 -
107 -
108 -
109 -
110 -
111 -
112 -
113 -
111* _

Qp
Sb
Tec
Pe
QP
Pm
Tec
Gt
Fl
Ta
R
Ps
Pe
Sb
Ns
Sb
Ps
Ea
Gt
R
Tec
Ar
Ta
Pe
Ph
Ls
G
Ar
Ns
Pt
Ps
Sb
Pt
Pe
Pt
Pm
Mp
Po

115
116
117
118
119
120
121
122
123
12l*
125
126
127
128
129
130
131132
133
131*
135
136
137
138
139
ll*0
lUl
ll*2
1U3
lUU
li*5
li*6
ll*7
ll*8
ll*9
150
151
152

•

- Ea
- R
- Ar
- G
- Ls
- Mp
- Pm
- Ar
- Ls
- QP
- Ea
- Ea
- Ps
- Pt
- Fl
- Qp
- Ps
- Gt
- Ta
- Ea
- Ph
- Mp
- Ns
- Pe
- Fl
- G
- Tec
- Po
- Qp
- Ph
- R
- Po
- Ar
- R
- Po
- G
- Gt
- Ph

153 -151* -
155 -
156 -
157 -
158 -
159 -
160 -
161 -
162 -
163-
161* _
165 -
166 -
167 -
168 -
169 -
170 -
171 -
172 -
173 -
Yjk -
175 -
176 -
177 -
178 -
179 -
180 -
181 -
182 -
183 -
181* _
185 -
186 -
187 -
188 -
189 -
190 -
191 -
203 -

Sb
R
G
Ea
Fl
Gt
Fl
Ar
Mp
Ns
Ph
Gt
Pe
Ea
Fl
Gt
Ta
Pm
G
Qp
Ls
Pm
Pt
Pe
Tec
Ls
Ps
Pe
Ta
Mp
Mp
Pt
Ta
Mp
Pt
Ns
Ns
Tec
202 - Ta
210 - Tec

* See Table 1+ for key to abbreviations

1*1*



TABLE 5b. PLANT KEY FOR EDGEBORO LANDFILL TREE GROWING
EXPERIMENT FOR EXPERIMENTAL PLOT

Tree Latin
Number Abbreviation

1 -
2 -
3 -
U -
5 -
6 -
7 -
8 -
9 -
10 -
11 -
12 -
13 -
Ik -
15 -
16 -
17 -
18 -
19 -
20 -
21 -
22 -
23 -
2k -
25 -
26 -
27 -
28 -
29 -
30 -
31 -
32 -
33 -
3k -
35 -
36 -
37 -
38 -

Pm
Tec
Po
Ta
Po
Ea
Fl
QP
Ea
Fl
Ar
P
G
Ps
Fl
Fl
Ls
P
Ta
Qp
Mp
Tec
Po
Ls
Pe
Ns
Ta
Sb
G
Pt
R
Ps
G
Qp
Mp
Tec
Pe
Ns

39 -
Uo -
Ul -
1+2 -
k3 -
1+1+ -
U5 -
1+6 -
kl -
U8 -
1+9 -
50 -
51 -
52 -
53 -
5^ -
55 -
56 -
57 -
5B -
59 -
60 -
61 -
62 -
63 -
6k -
65 -
66 -
67 -
68 -
69 -
70 -
71 -
72 -
73 -
7k -
75 -
76 -

Ls
Sb
Pm
Ea
Pm
P
Pe
P
Ps
Ns
R
Ta
P
Ta
Gt
Mp
Ls
Ar
Ps
Mp
Pm
Ta
Fl
Pt
G
QP
Ar
Gt
Gt
Pm
Ar
Tec
R
Fl
Pt
Ls
Tec
R

77 -
78 -
79 -
80 -
81 -
82 -
83 -
8k -
85 -
86 -
87 -
88 -
89 -
90 -
91 -
92 -
93 -
9k-
95 -
96 -
97 -
98-
99 -
100 -
101 -
102 -
103 -
I0k ~
105 -
106 -
107 -
108 -
109 -
no -
in -
112 -
113 -
Ilk -

Ns
Qp
Ta
Sb
Pe
Qp
Pm
Po
Gt
Po
Ta
R
Mp
Pe
Sb
Ar
Pt
Ps
Sb
Mp
R
Ps
Ar
Ea
Pe
P
Ls
G
Ar
Ns
Pt
R
Sb
Ea
Pe
Mp
Pm
QP

115
116
117
118
119
120
121
122
123
12l+
125
126
127
128
129
130
131
132
133
13k
135
136
137
138
139
ll+O
ii+i
ll+2
no
ikk
1U5
ll+6
ll+7
lU8
ll+9
150
151
152

- Fl .
- Ns
- Ps
- Ar
- Ls
- G
- Gt
- Ea
- Pt
- Ls
- Tec
- Ea
- Sb
- Ps
- Pt
- Po
- Qp
- Ps
- Gt
- Ta
- Tec
- P
- Mp
- Ns
- Pe
- Fl
- G
- Pm
- Po
- Qp
- Ea
- Mp
- P
- R
- Fl
- Ar
- R
- Fl

153 -
15U -
155 -
156 -
157 -
158 -
159 -
160 -
161 -
162 -
163 -
161+ -
165 -
166 -
167 -
168 -
169 -
170 -
171- -
172 -
173 -
Ilk -
175 -
176 -
177 -
178 -
179 -
180 -
181 -
182 -
183 -
181+ -
185 -
186 -
187 -
188 -
189 -
190 -
191 -
192 -
222 -

G
Gt
P
Sb
G
Sb
Tec
Po
Gt
Ea
Po
Pt
Ar
Pt
Ns
Po
Gt
P
Tec
Ns
Ea
Pe
Gt
Ta
Pm
G
Qp
Ls
Pt
Mp
Pm
Pt
Tec
R
Sb
Ps
Pe
Ls
Ns
221 - Ta
2Ul - Tec

* See Table k for key to abbreviations



TABLE 6. TREE AND SHRUB PLANTING DATA

Dates of Planting

Screening Experiment

Honey locust (a)*
American sycamore (a)
Red maple (a)
Green ash (a)
Black gram (c)
Weeping willow (a)
Norway spruce (b)
White pine (b)
Euonymus (b)
Bayberry (b)
Pin oak (a)
Rhododendron ( c )
Ginkgo (a)
Japanese black pine (b)
Japanese yew (b)
Sweet gum (c)
American basswood (a)
Hybrid poplar (a)
Mixed hybrid poplar (a)

Barrier System Experiment

Basswood - trenches
Basswood - mounds
Yew - trenches
Yew - mounds

* Shipping Method:

(a) Bare-rooted
(b) Balled and bur lapped
(c) Containerized

Site A
(Control Plot)

It- 22- 76
4-27-76
4-22-76
4-22-76
4-15-76
4-27-76
4-14-76
1*- 15-76
4-27-76
U-10-76
4-27-76
4-15-76
4-22-76
4-10-76
4-27-76
4-26-76
4-22-76
4-6-76
4-15-76

4-23-76
4-23-76
6-10-76
6-10-76

Site B
(Experimental)

Plot

4-4-76
4-6-76
4-4-76
4-6-76
4-9-76
4-15-76
4-8-76
4-8-76
4-27-76
4-9-76
4-4-76
4-6-76
4-4-76
4-8-76
4-8-76
4-26-76
4-23-76
4-3-76
4-3-76

4-23-76
4-23-76
6-10-76
6-10-76

Approximate
Tree Height

7'-8'
10 '-12'
6'-8'
10'-12'
3'-4'
14--15'
l8"-24"
18"-24M
15 "-18"
12" -15"
6'-8'
12" -18"
5'-6'
l8"-24"
l8"-24"
3'-4«
7'-8'
9'-10'
I1

7'-8'
7'-8'
l8"-24"
l8"-24"

at Planting

(8" cans)

(6" cans)

(8" cans)



both plots for a total of 8UO pounds with a standard granular fertilizer-
^ spreader.

Liming—
Both plots were limed with pulverized dolomitic-limestone on April 18,

1977. In order to raise the pH to 6.5, forty-six Ibs./lOOO square feet were
applied to the control plot and fifty-seven Ibs./lOOO square feet to the
experimental plot by means of a standard walk-behind spreader.

Irrigation—
The rainfall in New Brunswick in the early spring of 1976 and 1977 was

enough to maintain the soil at a moisture level sufficient for adequate tree
growth, but by the middle of May in both years, the soil moisture* had
reached a low enough level to warrant irrigation. During the summer of 1976,
a one-horsepower irrigation pump with a 3/^ inch outlet hose was used to
allocate water to each tree. The water was pumped from a series of four
55-gallon drums located in the back of a pick-up truck. Approximately three
gallons were applied to each tree at each irrigation period at a rate of
200 gal./hour. This method of irrigation was quite time-consuming and pro-
vided only a limited amount of water for each tree.

On July 10, 1977 an alternative method of irrigation was made available.
A 2000-gallon fuel-oil truck was converted into a water-supply truck by the
Herbert Sand and Gravel Company and arrangements were made to utilize this
truck for irrigating the trees. Approximately ten gallons were now applied
to each tree at each watering at a rate of 2000 gal./hour. When the weekly
rainfall was inadequate, the plots were irrigated on the weekend by this

V „ more efficient method which allocated more water/tree in a shorter period
of time.

Pest Control—
On July 7> 197&, the following tree species were sprayed with liquid

Sevin: pin oak, American sycamore, green ash, red maple, ginkgo, American
basswood, hybrid poplar, and mixed hybrid poplar for the control of gypsy
moth, tent caterpillars and canker worms which were already present on some
of the experimental trees and on many of the surrounding trees growing nat-
urally on the landfill. A second spray was applied on July 18, 1976 for the
same insect species.

On May 6, 1977 > the following tree species were sprayed with liquid
Sevin for the control of tent caterpillars and canker worms which were
present on some trees: particularly the pin oaks, American basswoods, weeping
willow and hybrid poplar.

*Soil moisture was tested by the squeeze method, i.e. when a handful of
soil was squeezed and water dripped from the soil, it was classified as wet;
when no water came out but the soil stayed together in a clump the soil was
moist; and when the soil crumbled after squeezing, the soil was considered
dry and the plants were irrigated.



Rodent Control--
On December 29, 1977, a •§• inch mesh screen supported by three stakes was

placed around each euonymus shrub to prevent damage by rabbits.

Plot Maintenance—
During the growing season, grass and weeds were periodically cut with a

power mower and weeds were pulled from the area immediately surrounding each
tree trunk. Tree support-stakes were driven back into the ground when loos-
ened and the plastic chain-lock supporting trees between stakes was replaced
when necessary.

Sampling Methods

Soil Gas Analyses--
During the summer of 1976, combustible gas was measured in situ by means

of a Mine Safety Appliance Model 2A Explosimeter. A ̂  inch hole was punched
in the soil to the desired depth by means of a commercial bar-hole maker.
The sample was withdrawn from the bar-hole by use of a 3-foot long nonspark-
ing probe. A rubber stopper was placed over the upper end of the sampling
probe to help seal the bar-hole from the ambient air. The Wheatstone bridge
principle is used within the instrument for determining the concentration of
combustible gases.

Gas data were taken at a 1-foot soil depth from eleven collection points
on the experimental plot and eight points on the control plot on 7/7/76 and
9/13/76. Gas data were also collected from the trenches and mounds of the
gas-barrier technique experiments on these same dates. Measurements were
made at the 1-foot soil depth at six points within each gas-barrier technique
and at four or six points around the periphery of the trenches, as well as
within the vent pipes.

During 1977, gas samples were collected from forty-eight buried samplers
approximately every two weeks, beginning in March and ending in August, when
all plants had ceased growing. Forty-two of the sampling stations were on
the experimental plot (Figure 13) and six on the control plot (Figure lU).
The device in Figure 5 "was used for obtaining the soil gas samples. In the
experimental screening area, one sampler is in place for each group of six
plants, whereas in the trenches and mounds, there is a sample for each group
of five plants.

Soil Temperature Analyses—
Soil temperatures at the 1-foot depth were collected at the same sample

points (Figure 13 & 1*0 and on the same dates as the gas samples.

Soil Moisture Analyses—
Beginning in mid-March, 1977, soil moisture measurements were made on

six samples from the experimental screening area and four from the control
(Figures 13 & lU). One measurement was made in each of the gas-barrier
techniques. Samples were collected at approximately two-week intervals at
times when the moisture content was considered to be the lowest, i.e. before
irrigation or before a rain was expected.' A sample was obtained using a
3-inch diameter soil auger in the following manner: two 8-inch deep holes
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•were dug in the same general area and the soil from these two holes was
placed into a bucket and mixed with a spade. A UOO ml. metal container was
then filled with this soil mixture and capped to retain all the moisture.

After all the samples were collected, each was sieved through a 2 mm.
sieve and weighed together with the container and lid and placed in a drying
oven @ 100-110°C, then reweighed after twenty-four hours of drying. The soil
was then removed from the container and the container and lid were weighed
together. This tare weight was then subtracted from both the wet weight of
soil plus container weight, and dry weight of soil plus container weight, to
give actual wet and dry soil weights. Moisture content percentage was then
calculated from these adjusted soil weights to give percent moisture on a
dry weight basis.

Soil Nutrient Element Analysis—
On October 15, 1976, June 15, 1977 and October 20, 1977, seven soil

samples were collected from the experimental screening area and four from
the control screening area for chemical analyses. Each sample consisted of
combined soils from five 8-inch-deep holes within each representative area
(Figure 13 & lU). For each barrier technique the soil from four 8-inch-deep
holes was mixed together and the sample was taken from this mixture.

Soil Bulk Density Analysis--
Soils were measured for bulk density in each barrier technique and in

both the experimental and control screening area in the summer of 1977.

Measurements were made in the following manner: a 3-inch diameter - 3"
inch long metal core (Figure 15) was placed inside a soil auger. A hammer
made to fit over the top of the auger was fitted into place and the auger
was driven into the soil until it was 3 inches into the ground. The auger
was then pulled from the ground, the core with soil inside removed from the
auger and placed into a cardboard container. The samples were dried for
approximately twenty-four hours @ 90-100°C until all moisture was removed
from the soil particles. The soil was then weighed and the data recorded as
g/cc.

On the experimental screening area two measurements were taken at each
of six locations (i.e. @ the same locations where moisture content samples
were collected) (Figure 13). On the control screening area two measurements
were taken at each of four locations totaling twenty measurements for both
plots (Figure 1̂ ). In each of the seven planting techniques, four measure-
ments were taken, for a total of twenty-eight measurements.

Tree Root Biomass—
A measurement of root biomass was obtained for each plant on both plots

between June 13 and June 25, 1977. A 3-inch diameter soil auger was used to
bore a 12-inch deep hole, 1.5 feet from the base of each tree in the north-
erly direction. All the material from this hole was placed into a bucket.
The roots were then picked from the soil in the bucket and placed in a small
envelope. At the end of each day's root collection, the envelopes were
placed in a drying oven for approximately twenty-four hours. The soil
clinging to the roots was shaken free and the roots were then weighed.
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Figure 15. Hammer and auger used for collecting soil bulk density sample.
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Tree Shoot Length—
In 1976, shoot length measurements (in cm.) were used as indicators of

the vigor and growth response of each tree to its immediate soil environ-
ment. Four measurements were taken per tree - the length of the leader
shoot which would become the main trunk and the lengths of the three next
longest shoots.

The nature of shrub growth is different from that of the trees in that
no true leader shoot is produced. Therefore, the four longest shoots were
measured on these plants instead of a leader and three longest shoots
measured on the trees.

In order to measure the shoot length in 1977 for a particular plant,
six shoots were selected from each deciduous tree, shrub and Japanese yew
in the following manner: when the plants stopped growing, six shoots were
randomly selected on each plant. Each shoot was measured from the past
year's bud scale scar to the tip of the current year's terminal bud. This
was repeated for all deciduous plants and yew except mixed hybrid poplar.

Because evergreen trees and mixed hybrid poplar produce a true leader
shoot, it was measured in addition to five other shoots selected at random
from each plant.

Tree Stem Basal Area Increment—
On March lU-16, and on September 17-18, 1977, stem diameter (in cm.) was

measured on every plant in both plots with metal tree calipers. The follow-
ing nine species were measured at a point 30 cm. from ground level: red
maple, green ash, American sycamore, hybrid poplar, weeping willow, American
basswood, ginkgo, honey Ibcust and pin oak. The remaining ten species were
measured somewhat lower on the trunk at distances from the ground indicated
in Table 7. A sma.il spot of white paint was placed at the point on the
trunk where the measurement was taken. This permitted other measurements to
be taken at the end of September from the same point. The stem diameters
were converted to cross-sectional stem basal area. The data are reported as
percent increase in cross-sectional basal area from March to September.

Tree Leaf Weight-
In order to measure the amount of leaf biomass produced by each plant,

four leaf weight samples were collected from each plant in 1977. The pro-
cedure for deciduous trees and shrubs and Japanese yew follows:

1. Select four shoots at random from a plant, i.e. one from each
compass direction (N,S,E&W).

2. From each of these four shoots, collect all the leaves (needles)
from last year's bud scar to this year's terminal bud and place
those from each shoot in a separate bag. Dry for approximately
twenty-four hours at 150°F and then weigh.

For evergreens, excluding Japanese yew:

1. Collect all the needles along the current year's leader shoot and
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place them in a bag.

2. Select three other shoots, two from the top whorl and one from the
whorl second from the top. Collect needles from these three shoots
and place them in three separate bags.

The needles were oven-dried for approximately twenty-four hours at 150°F
and then weighed.

TABLE 7. DISTANCE FROM THE SOIL SURFACE AT WHICH
STEM INCREMENT WAS MEASURED

Latin Name
Species

Common Name
Distance from Soil

(cm)

Acer rubrum
Euonymus alatus
Fraxinus lanceolata
Ginkgo biloba
Gleditsia triacanthos
Liquidambar styraciflua
Myrica pensylvanica
Nyssa sylvatica
Poplus
Poplus
Picea glauca
Platanus occidentalis
Pinus strobus
Pinus thunbergi
Quercus palustris
Rhododendron elegans
Salix babylonica
Tilia americana
Taxus cuspidata capitata

Red Maple
Euonymus
Green Ash
Ginkgo
Honey Locust
Sweet Gum
Bayberry
Black Gum
Hybrid Poplar
Mixed Hybrid Poplar
Norway Spruce
American Sycamore
White Pine
Japanese Black Pine
Pin Oak
Rhododendron
Weeping Willow
American Basswood
Japanese Yew

30
5
30
30
30
8
3
8
30
5
3
30
5
5
30
3
30
30
3

Physical Condition of Trees—
At monthly intervals during the summer of 1977? observations were

recorded for every tree which showed signs of stress. Leaf loss, scorch,
chlorosis, dieback and wilt were included as signs of stress. At the end of
the growing year, each tree was given a number from 0 to 5 based on the phys-
ical appearance of the tree. Zero indicated a dead tree and five the
healthiest.

Statistical Methods

Analysis of variance, Student's "t" and multiple stepwise regression
techniques were employed for data analysis (135). Library programs of the
Bio-Med (BMD) series and Statistical Analysis System (SAS) at the Rutgers
University Computer Center were employed.



In the analysis of variance, the response variables were leaf weight,
shoot length, root biomass and basal stem area increment. Data for these
variables were collected on each of the ten replicates for each species on
the experimental and control plots, as well as on all ten trees planted in
each gas-barrier technique.

In the regression analysis, American basswood was chosen for study
because it was growing in those areas (i.e on the gas-barrier techniques)
which exhibited a wide range for the soil variables included in the analysis.
Ten independent variables were considered: soil gases (six variables) -
oxygen, lowest oxygen, carbon dioxide, highest carbon dioxide, methane,
highest methane; soil temperature (two variables) - temperature and highest
temperature; soil moisture content (one variable) and soil bulk density (one
variable). The limits imposed on the regression were: significant F values,
R2 and all coefficients with P < 0.05. A prediction equation was then
calculated for each response variable (i.e. leaf weight, shoot length, root
biomass, basal stem area).

Environmental Conditions

Weed Growth--
Weeds including goldenrod, ragweed, mustard plant and a variety of

grasses established themselves over much of the area on both the experimental
and control plots. However, the control plot was covered more quickly and
more completely than the experimental plot. The grasses comprised a greater
portion of the weeds on the control plot.

The two mounds on the experimental plot and the mound and the trench on
the control area supported weed growth similar to the gravel/plastic/vents
trench which exhibited the best vegetative growth in general.

Hurricane Effects--
On August 10, 1976, Hurricane Belle passed within 50 miles of East

Brunswick, New Jersey, site of the landfill experiment depositing 2.4 inches
of rain and reaching wind velocities of U6 miles per hour from the northwest.
In spite of the chain lock securing each tree to stakes, the wind caused
damage to trees on both the experimental and control plots.

Twenty-one trees on the control plot were shifted substantially in the
soil by the strong winds. Seven of these were blown over to the extent that
their trunks formed a U5° angle with the ground. The trees most affected
were the tallest i.e. green ash (#7 & 6l) weeping willow (80, 91, 127) and
American sycamore (8U & 86). These seven trees were placed in the erect
position and restaked. Tree #15H, a rhododendron, was split in half at the
base of the stem and had to be removed from the site.

On the experimental plot, three green ash trees (10, 15, l6) were blown
about so that a much enlarged hole was created around the base of the trunk.
The soil was quite loose in the root zone because some large roots had been
moved in the soil. These trees had to be restaked and the soil packed down
around the roots to ensure that the small roots again had contact with the
soil. One of the green ashes (#10̂  had broken loose from the chain lock
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securing it to the stakes, allowing the trunk to rub against one of the
stakes and causing the bark and part of the cambium to be scraped off for
Ih inches along the trunk. Also affected was a Japanese black pine (#l8l)
which was blown over to about a ^5° angle with the soil. This tree was
placed in an erect position and the soil packed down to ensure good root
contact with the soil.

Drainage—
The overall slope of the sites was measured with an Abney hand level.

The slope in the north-south direction on the experimental plot was slightly
greater (2°) than on the control (l°) which gave the experimental plot better
drainage than the control. The east-west slopes were about 1° on both plots.

The difference in drainage between the two plots was very noticeable
following Hurricane Belle in August 1977. Ponding of water was observed on
the control plot for five days following the hurricane whereas ponding on
the experimental plot lasted only one day.

SIMULATED LANDFILL STUDIES

Selection of Gas Concentrations for Greenhouse Studies

In order to select realistic concentrations of landfill gas components
for inclusion in simulated mixtures for greenhouse studies, soil gas con-
centrations of twenty sanitary landfills visited throughout the continental
United States were measured between August 1975 and January 1977 (52). Of
these landfills five had completed filling since 1966 or were still operating
when the data were collected. Only landfills which contained municipal
refuse which was not burnt were used in this study. Seven of the sanitary
landfills had a reported average refuse depth of more than twenty feet and
twelve had an average depth of less than twenty feet of refuse. Information
concerning the landfills was obtained by questioning landfill operators and
public works employees.

Sampling sites were chosen by visually examining the landfill for types
of vegetative growth and sampling was done on areas indicative of the types
of vegetation observed. The samples were obtained by making a hole to a
depth of one foot with a \ inch diameter bar-hole maker. Once the hole was
made the bar-hole maker was quickly removed and a hollow steel probe was
inserted into the hole which was then sealed with a rubber stopper. A MSA
Model 2A Explosimeter was then used to extract a sample through the probe.
This instrument provides a reading of the percent combustible gas in the
sample.

The MSA Explosimeter is sensitive to all combustible gases. The sample
is drawn over a heated catalytic filament which forms part of a balanced
Wheatstone bridge electrical circuit. The combustion raises the temperature
of the filament, thereby increasing resistance in proportion to the concen-
tration of combustibles in the sample. This unbalances the electrical cir-
cuit causing a deflection of the current meter pointer which indicates on the
scale the concentration of combustible gas in the sample. This instrument
was calibrated by means of a MSA (Part #̂ 5̂ 380) calibration kit supplied by
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the manufacturer. Frequent calibration is necessary since the filament may
become contaminated with use.

The approximate concentrations of oxygen and carbon dioxide were ob-
tained by using Bacharach Fyrite Model CPD C^ and Model CUD CC»2 analyzers.
The Fyrite gas analyzers operate on the Orsat principle of gas analysis. A
sample of the gas to be analyzed is contained in a space of known volume from
which the 0% or COg is removed from the gas mixture by selective absorption
into fluids in the analyzer. The removal of the Q£ or C02 from the sample
decreases the pressure exerted by the gas sample on the fluid. The fluid is
in contact with the atmospheric pressure by means of an elastic diaphragm so
that as the gas is absorbed the fluid replaces the gas mixture being mea-
sured. The intrusion of the fluid into the space originally occupied by the
sample provides a measurement of the amount of §2 or COg removed.

The quality of the fluid in the CC>2 analyzer is determined by exhaling
a deep breath into the instrument and if it fails to record 2 to h% C02 in

the sample the fluid is replaced. The fluid in the 02 analyzer is checked
by sampling the ambient air and if it fails to read 20 or 21% 02 in the
sample the fluid is replaced.

The Effect of Simulated Landfill Gas on Two Maple Species

To investigate the ability of tree seedlings to survive in soil atmo-
spheres contaminated with excessive amounts of carbon dioxide (COp) and
methane (CHl̂ ) , two species of maple were chosen: red maple (Acer rub rum)
because of its ability and sugar maple (Acer saccharum) because 'of its
inability to withstand flooding. These species were compared in order to
determine if the species more tolerant to flooding was also more tolerant
to soil atmospheric contamination with C02 and

Cultural Methods —
One-year old red and sugar maple seedlings were purchased bare-rooted

from Hess Nursery of Cedarville, New Jersey. The seedlings were planted
(5 each) in 12 20-gallon modified galvanized steel trash cans (Figure l6)
containing a soil mix of 1 part peat and 2 parts loam, on May 1, 1977. The
soil was sterilized by heating to l80°F in an electrical sterilizer for
2k hours.

Fumigation Methods- -
The seedlings were divided into three treatments with 20 seedlings

(10 of each species) in each treatment (Figure 17). For treatment 1 the
soil in each can was fumigated with a gas mixture containing approximately
3% 02, 0̂$> C02, 50% City and 7% N2. Treatment 2 was a control with compressed
ambient air forced through the soil. The compressed air and the gas mixtures
were supplied by Matheson Gas Products Inc. of East Rutherford, New Jersey.
In treatment 3 "the seedlings were flooded by filling the cans with water to
a depth of several inches above the soil line. In order to fumigate the
soil, two cans were attached in series to a cylinder containing the gas
mixture and equipped with a two- stage gas regulator. Prior to planting the
seedlings it was determined that a gas flow of 120 to 250 ml. per minute was
necessary for each pair of cans in order to adequately saturate the soil.
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Figure l6. Modified galvanized steel trash can used to fumigate
maple seedlings.
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Figure 17. Design of red and sugar maple fumigation experiment.
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The gas flow was established by disconnecting the tubing from the cylinder to
the two trash cans and establishing the desired flow in air with a soap
bubble flowmeter. This done, the tubing was reconnected. The flow of gas
through the soil was not determined.

The composition of the soil atmospheres was monitored by extracting a
0.5 ml. sample of air from devices (Figure 5) buried at a 7 inch depth in the
soil and analyzing it with a Carle model 8500 gas chromatograph

The fumigations did not begin until August 9, 1977 by which time the
seedlings had completed most of their seasonal growth. They were from 2- to
U-feet tall at this time.

Analytical Methods—
Transpiration measurements--The physiological condition of the seedlings

was monitored by periodically measuring the rate of transpiration with a
Lambda Instruments Diffusive Resistance Porometer. This instrument measures
water vapor that evaporates off of the leaf surface and consists of a
sensor which is a modified hygrometer whose electrical resistance varies
inversely with humidity and a portable resistance meter. The instrument was
calibrated by means of an acrylic plate with holes drilled in it which was
placed over filter paper saturated with water to simulate the stomatal resis-
tance. If the root system was damaged, the tree would be unable to take up
water fast enough to support normal transpiration. Readings were taken only
on leaves which were fully illuminated and in the upper one-third of the
seedling. Measurements of transpiration rate were obtained only on sunny
days. It required two to three hours to take transpiration measurements on
all sixty seedlings. Therefore, sampling had to be performed in such a way
as to compensate for the changes in illumination caused by movement of the
sun or the occurrence of clouds. This was done by taking readings on only
two seedlings in each can before moving on to the next one. After all the
cans had been sampled in this manner, measurements were begun again on the
remaining three seedlings in -each can. If the weather changed after the sets
of two readings were completed but before the rest of the data were collected
then only the data obtained in the first sets were reported. If the weather
conditions changed noticeably before the first sets of two readings were
completed, the data were not reported. .

Soil gas analyses—The composition of the soil atmosphere in treatments
1 and 2 was monitored regularly during the course of the experiment. From
August 9 through August 25, the flow of gas as it came out of the cylinder
was 120 ml. per minute for each group of two trash cans. From August 26
through August 29 treatments 1 and 2 were discontinued due to an interrup-
tion of the gas delivery. From August 30, for the duration of the experi-
ment, the flow of gas coming out of the cylinder was 220 ml. per minute for
the two cans containing the sugar maples and 250 ml. per minute for the two
cans containing the red maples. The increased flow of gas to the red maples
was found to be necessary in order to maintain a soil atmosphere similar to
that given the sugar maples. On September, 20, 21 and 22, the gas treatment
was discontinued to the red maples receiving C02 and CH^ due to problems with
the regulator. The control seedlings were fumigated with compressed air at
the same rate of flow used for the corresponding species in treatment 1.
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This experiment was terminated on September 27, 1977.

[fy Statistical methods—Where there were two means to be compared the data
• 3f- were statistically analyzed by means of Student's "t" test. Where more than
; •% two means were involved statistical significance was determined by means of

analysis of variance (135).

The Effect of Simulated Landfill Gas on Tomato Plants in Solution Culture

Cultural Methods—
Rutgers tomato plants were grown in specialized k-liter culture vessels

..; in sand solution culture (Figure 18). The plants were watered daily with a
* solution containing nutrients in the following molar concentrations; .0019
1 KgSO^, .0016 M KH2POÎ , .OOU5 M Ca(N03)2, .001 M MgSOl^, .OOOU M ' " '
- .0005 M HoBOl^, .0005 M FeSOl^, .OQÔ k M EDTA and a trace element mix.

; When the plants were about 1 foot high, the lower leaves were pruned and
lids were placed on the glass vessels (Figures 18 & 19). Cotton impregnated
with heavy duty silicon vacuum grease and vaseline was used to provide a seal
around the stems of the plants. Tygon tubing was attached to the vessel
outlets for drainage and to the gas inlets and outlets for gas flow. Flower
and lateral shoot buds were pruned in order to concentrate the growth to the
main shoot.

Fumigation Methods—
The plants were fumigated by circulating gas mixtures, supplied by

Matheson Gas Products Inc. of East Rutherford, New Jersey, through the
"^ vessels. The gas was first circulated at a rate in excess of 1000 ml. per

minute for a few minutes- and then stopped. The tubing was then removed, and
a flow of 120 ml. per minute was established through the tubing into ambient
air. This done, the tubing was reconnected to the group of four vessels.
This was repeated for each treatment. The rate of gas flow was determined
daily after watering by means of a 100 ml. soap bubble flowmeter. The
pressure resulting from this rate of flow into air was enough to maintain the
composition of the soil atmosphere in the vessels relatively constant with no

! measurable outward flow. Transpiration by the tomato plants resulted in the
I loss of about 1*00 ml. of water a day. The gas was able to fill this void.

Tomato experiment 1 was designed to examine the response of tomato
i plants to a soil atmosphere having suppressed 02 concentrations in conjunc-
j tion with elevated concentrations of C02 and CĤ . This experiment consisted

of twenty-one plants which were divided into three treatments with seven
replicates for each. The composition of the atmospheres used for the various
treatments is given in Table 8. The fumigation was started on November 11,
1976 and was discontinued on December 9, 1976.

Experiment 2 was designed to determine the effects of a soil atmosphere
containing high concentrations of both methane and carbon dioxide on the
growth of tomato plants compared with soil atmospheres containing only
carbon dioxide or methane. This experiment consisted of twenty plants which
were divided into five treatments with four replicates for each. The compo-
sition of the atmospheres used for the various treatments is given in Table

1̂ - 6l
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Plant Stem

Lid (!£"

Gas Outlet

Gas Sampling Device

Thermometer

Washed Sand

Glass Wool

Gravel

VJater Drain

Figtire 18. Cxilture vessel for tomato plant fumigations.
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A. Partially Dissected Side View

B. Top View

Plant Stem
Cotton and Vacuum Grease

Glass Lids

Gas Outlet

Notch in Top Lid

Plant Stem

Notch in Bottom Lid

Figure 19. Lids for culture vessels.
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9. This experiment was conducted twice; from March 22, 1977 to March 30,
1977 and again from April 19, 1977 to May 1, 1977. The first trial was of
shorter duration (8 days) than the second trial which lasted twelve days.

TABLE 8. COMPOSITION OF ATMOSPHERES USED TO FUMIGATE
TOMATO PLANTS IN EXPERIMENT 1

A*

%02 21

foCO trace

$N2 79
TO' piTj f\

Treatment

B

7

trace

93
0

c

7
10

58

25

* Atmospheric air

TABLE 9. COMPOSITION OF ATMOSPHERES USED TO FUMIGATE
TOMATO PLANTS IN EXPERIMENT 2

Treatment

A*

%02 21

%CO? trace

$N2 79

%CĤ  0

B

5

trace

95

0

C D

5 5

1*0 ho

55 5
0 50

E

5
trace

U5
50

* Atmospheric air

Experiment 3? was designed to determine the effects of a soil atmo-
sphere containing high concentrations of carbon dioxide on the growth of
tomato plants exposed to differing oxygen concentrations in the soil. This
experiment consisted of twelve plants which were divided into three treat-
ments with four replicates for each. Due to the results of previous exper-
iments in which plant response to low §2 and ambient air fumigations were
identical, air controls were eliminated. The composition of the atmospheres
used to fumigate the culture vessels in the various treatments is given in
Table 10. The fumigation was started on October 15, 1977 and was completed
on November 10, 1977.

Experiment U, was designed to determine the effects of a soil atmo-
sphere containing high concentrations of methane or carbon dioxide on the
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growth of tomato plants. This experiment consisted of sixteen plants which
were divided into four treatments with four replicates for each. The compo-
sition of the atmospheres used to fumigate the culture vessels used in the
various treatments is given in Table 11. The fumigation began on December
10, 1977 and was'discontinued on January 9, 1978.

TABLE 10. COMPOSITION OF ATMOSPHERES USED TO FUMIGATE
TOMATO PLANTS IN EXPERIMENT 3

A

foO U

$>CO_ trace

$N2 96

Treatment

B

15
30

55

c

h
30
66

TABLE 11. COMPOSITION OF ATMOSPHERES USED TO FUMIGATE
TOMATO PLANTS IN EXPERIMENT k

Treatment

B C D

$02 5
$CO_ trace

$N2 95

ĈH, 0

15

20

65

0

15
10

75
0

5
trace

50

'5

Analytical Methods--

Growth measurements--The height of the tomato plants was determined by
measuring the distance from the glass lid to the tip of the uppermost fully
expanded leaf. Adventitious root development was reported only when it
occurred above the lid.

Soil gas analyses--The soil atmosphere in the culture vessels was
monitored with a Carle model 8500 gas chromatograph as described previously.

Nitrogen analyses—The total nitrogen content of the dry plant tissue
was determined by using the Kjeldahl method, which gives a reading in mg.of N
per 100 mg. of dry plant tissue
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SECTION 6

RESULTS

COMPOSITION OF THE SOIL ATMOSPHERES OF TWENTY COMPLETED SANITARY LANDFILLS

The majority of the C02 readings in the atmospheres occurred in the 0 to
k.yfo category (Table 12). The majority of the Oo readings in the atmospheres
of the twenty landfills occurred in the 15 to 21% concentration category
(Table 13). The combustible gas readings were concentrated in the two
extreme categories, between 0 and 1*.9$ and greater than 25$, with the major-
ity of the readings occurring in the 0 to U.9$ category (Table lU). This
tendency of the readings to polarize at the extreme ends of the scale was
also noted with respect to the C02 readings (Table 12). The landfills com-
pleted prior to 1966 exhibited lower average C02 and combustible gas read-
ings in conjunction with higher average 02 readings than the landfills com-
pleted since 1966 (Table 15). These differences were not statistically
significant. The landfills having less than 20 feet of refuse did not
exhibit any significant differences in the average concentrations of the soil
atmospheric components when compared with the landfills having more than 20
feet of refuse (Table 16) .

TABLE 12. PERCENT FREQUENCY OF CO READINGS* OF SOIL ATMOSPHERES

ON TWENTY COMPLETED SANITARY LANDFILLS

% Range

* 116 samples at one foot depth.

Frequency

0 -
5 -

10 -
15 -
20 -

U.9
9.9

1U.9
19.9
hO+

6?.2
10.3
6.0
1.7

lU.7
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TABLE 13. PERCENT FREQUENCY OF Og READINGS* OF SOIL ATMOSPHERES

ON TWENTY COMPLETED SANITARY LANDFILLS

Range

0 - U.9
5 - 9.9
10 - iU.9
15 - 21

* 128 samples at a one foot depth.

Frequency

7.0
7.0
lU.U
71.6

TABLE lU. PERCENT FREQUENCY OF COMBUSTIBLE GAS READINGS* OF THE
ATMOSPHERES ON TWENTY COMPLETED SANITARY LANDFILLS

$ Range

0 -
5 -

10 -
15 -
20 -
25 -

U-9
9.9

lU.9
19.9
2U.9
UCH-

% Frequency

81.6
U.6
0.6
0.5
0.3

12.3

350 samples at a one foot depth.

TABLE 15. MEAN PERCENT COg, Og AND COMBUSTIBLE GAS AT

1-FOOT DEPTH WITH AGE OF SANITARY LANDFILL

Gas %

°2
co2
Combustible Gas

Completed Before 1966*

19.0

2.2

1.7

Completed After 1966**

15.2

8.7

8.9

* Average of 5 landfills.
** Average of 15 landfills.
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TABLE 16. MEAN PERCENT Og, CC>2 AND COMBUSTIBLE GAS AT 1-FOOT

DEPTH WITH DEPTH OF REFUSE IN THE SANITARY LANDFILL

.Gas >20 Feet* <20 Feet**

°2
co2

Combustible Gas

15.9
7.3

5.0

17-3
5.3

8.9

* Average of 7 landfills.
** Average of 12 landfills.

COMPOSITION OF THE SOIL ATMOSPHERE AND ITS INFLUENCE ON THE DISTRIBUTION OF
NATIVE VEGETATION ON THE COMPLETED EDGEBORO SANITARY LANDFILL

Data for in situ measurements of gas composition on the Edgeboro Land-
fill by the macro-sample method are presented in Tables 17, 18, and 19 and for
the micro-sample method (gas chromatography) in Table 20 and 21. At all
stations monitored there*wjis~a, consistent relationship between the occurrence
of high :levels of Vbmbû Lb'lietgaŝ aiid poor or no growth of vegetation. This
relationship was also evident when comparing high levels of COg and low
levels of 02 with poor growth of vegetation.

The four stations A, B, C, and D, monitored for the entire fifteen
months (Table 2) exhibited very little fluctuation in composition of the
soil atmosphere. This was also true for the stations E, F, G, and H moni-
tored for only five months.

The cover material was. significantly thicker (P < 0.05) where the
vegetation was growing well (Table 22).

TABLE 17. PERCENT COMBUSTIBLE GAS FROM 1-FOOT DEEP TEST HOLES ON
COMPLETED EDGEBORO LANDFILL

Station 6/6/76* 7/15/76,*-*

Sampling Data

V15/77* 8/10/77** 9/1V77* 9/20/77*

A >U5
B >U5
c U.5
D 0
E
F
G
H

1*0
>U5
~ 3
Wet
--
--
--
--

39
>̂ 5
" 3.3
1.0
15
1

1*5
0

ilQ

*̂4-S

Jt C

Wet
>̂ 5

o-
>l*5
0

39
36
0.8
0
--
0

—--

hO
>l*5
~ 2.2
0

>U5
5
32
0.5

(continued)

68



TABLE 17. (continued)

Station 6/6/76* 7/15/76**

Sampling Data

V15/77* 8/10/77** 9/1V77* 9/20/77*

I
J
K

* Average of ̂  readings.
** Average of 2 readings.

--no reading taken.
Data obtained with a MSA explosimeter.

TABLE 18. PERCENT 02 *FROM 1-FOOT DEEP TEST HOLES ON

COMPLETED EDGEBORO LANDFILL

Station 7/15/76I'Jt n

Sampling Date

V15/77*** 8/10/77#-*

A
B
C
D
E
F
G
H

5.0
6.0

20.0
wet

»

3.5
7.0

19.̂
20.0
4.2

21.0
8.5

20.5

7.5
2.5

18.75
wet

1U.5
20.0

- 7.5
20.5

Readings were obtained with Bacharach, Fyrite 0 analyzer.
One reading.
Average of 2 readings.



TABLE 19. PERCENT C00 *FROM 1-FOOT DEEP TEST HOLE ON

COMPLETED EDGEBORO LANDFILL

Station

A
B
C
D
E
F
G
H

* Readings were
** One reading.
*** Averace of 2 :

7/15/76**

17.0
18.0
0.5
wet

_ —

obtained with

readings.

Sampling Date

U/15/77***

21.0
25.0
1.0
0.0
12.5
0.5
16.0
0.0

Bacharach, Fyrite C0? analyzer.

8/10/77**

16.0
3̂ 4.5
1.5
wet
9.0
1.5
20.0
0.0

TABLE 20. GAS CHROMATOGRAPHIC ANALYSIS OF COMPOSITION OF SOIL
ATMOSPHERE AT DEPTH OF 10-INCHES AT 6 STATIONS ON
COMPLETED EDGEBORO LANDFILL, JULY lU, 1977

Station

A
B
C
D
E
F

°2

0.5
2.7

18.2
20.3
2.0

18.2

Gas ($ "by

co2

38.0
35.3

U.2
1.7

35-5
U . 2

volume ) *

CHU

!*9.5
39.0
3.6
0.0

3^.5
0

N2

12.0
23.0
7^.0
78.0
28.0
77.6

Corrected to 100 percent.

TABLE 21. GAS CHROMATOGRAPHIC ANALYSIS OF COMPOSITION OF SOIL
ATMOSPHERE AT DEPTH OF 10-INCHES AT 6 STATIONS ON
COMPLETED EDGEBORO LANDFILL, OCTOBER 13, 1977

Station

A
B
C

On2

0.8
1.5
19.0

Gas (% by

C002

37.5
32.0
1.0

volume)*

CH,U

U6.7
U8.5
0.0

NO2

15.0
18.0
80.0

(continued)
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TABLE 21. (continued)

Gas (% by volume)*

Station

D
E
F

°2

20.2
3.0

18.8

co2

1.2
30.0
2.2

CHU

2.6
36.0
1.0

N2

76.0
31.0
78.0

* Corrected to 100 percent.

TABLE 22. DEPTH OF SOIL COVER* AT STATIONS ON EDGEBORO
LANDFILL AND GROWTH STATUS OF VEGETATION

Good Vegetative Growth

Station

Poor Vegetative Growth

Depth of Soil
Cover (inches)

Station Depth of Soil
Cover (inches)

-*

C
F
D
H
K
I

Mean

Each value is
** Significantly

10.0
10.1
8.2
9.5
6.7
6.5
8.5**

the mean of 5
greater ( P <

A
B
E
G
J

Mean

observations.
0.05).

5.1
• 7.U

3.9
3.0
3.9

U.7

SPECIES SCREENING EXPERIMENT

Relative Viability of Plants

Sixty-two trees died on the experimental and control plots during this
study: 38 on the experimental and 2U on the control plot (Table 23).
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TABLE 23. NUMBER OF TREE DEATHS IN SCREENING EXPERIMENT
BETWEEN 1976 AND 1977

Species

Rhododendron
Hybrid Poplar
Mixed Hybrid Poplar
Euonymus
Black Gum
Sweet Gum
Weeping Willow
Red Maple
Ginkgo
Bayberry
Japanese Yew
Norway Spruce

Exp.

2
0
0
0
h
1
k
0
0
0
0
0
11

Summer
1976

Control

2
1
2
0
1
0
0
0
1
0
0
0
5

16

Exp

2
1
0
5
0
1
0
0
0
0
0
0
9

Winter
1976-77

Control

k
0
5
0
1
0
0
0
0
0
0
0
10

19

Exp.

6
6
0
1
1
2
0
1
0
0
0
1
18

Summer
1977

Control

U
2
0
0
0
1
0
0
0
1
1
0
9

27

Relative Growth of Surviving Plants

The interpretation of whether a particular species grew significantly
better on the control or on the experimental plot depended upon the tree
variable measured (Table 2U). On the basis of three or more of these depen-
dent (tree) variables, the majority of species grew significantly better on
the control than on the experimental plot.

Shoot length was the only tree variable measured both in 1976 and 1977.
With respect to shoot length, twelve species on the control plot appeared
to grow better during the 1977 season than in 19?6; whereas on the experi-
mental plot, only seven species apparently grew better during the 1977
growing season than they did during 1976. This is indicated by the average
shoot length calculated for each species - plot combination for each year
(Table 2U) and reflects the stress on the trees growing on the experimental
plot.

I
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TABLE 2k. MEAN VALUES FOR THE FIVE TREE VARIABLE FOR EACH SPECIES
ON THE EXPERIMENTAL AND CONTROL PLOTS

Species

Red
Maple

Euonymus

Green
Ash

Ginkgo

Honey
Locust

Sweet
Gum

Bayberry

Black
Gum

Norway
Spruce

Hybrid
Poplar

Mixed
Poplar

American
Sycamore

White
Pine

Black
Pine

Pin
Oak

Weeping
Willow

American
Basswood

i
Plot

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Cont.
Exp.

Root
Biomass

(mg)

1270
579

1807**
691

11*16
681

958**
U77
1370
821
1522**
U32
868**
29U
1098
52U

689
9̂7
895*
335
270
592
1375
778

1829
961
1281
907

10U?
628
186U**
H29
1865**
713

Leaf
Wt.

(g)

6.U**
2.U

1.2**
0.2

10.5**
U.3
0.36
0.35
23.9 **
2.8
7.6**
3.7
2.0
2.3
2.1*
1.8

0.37
0.3U
8.0 **
1.0
3U.O
2U.O

11. U
7.8

2.3
1.7
15.9*
12.0

U.5
3.6
11.6*
3.9
1.0
1.2

Visual
Obs.

%

kM
2.8

3.5**
1.1
U.6**
3.1
1.1
1.3
U.7**
1.7
U.9**
2.1

3.U
U.2

U.2
2.6

3.9
2.8

2.5
1.3
U.I
U.2

1+.9**
2.9
U.3**
3.U
U.9**
3.8
U.8*
3.8
U.5**
1.0

2.7
2.7

Basal
Area

increase

69.2
39-0

UU.5
28.9

57.1**
23.8
12.6
7.U
9̂ .7**
25
198 **
86

66.3
U6.7
178
211

3̂ .3
35.6
696
16
3̂62
1178
53.0**
33.5
52.0
Uo.o
68
65
115 *
76
llU •**

.17
28.8 **
19.2

Shoot Length
(cm)

1976 1977

20.6
21.6

18. 8**
15.2
30. U
3̂ .0
17.8
23.3*
10. k
11.7
12.7
12.2

10. U
7.U

7.9
8.6.
12.2
10.9
35.0**
20.0
25. U
31.0
22.6
20.6

20.8
15.2

18.8
19.3
13.7
12. U

69.6
75.2
19.8
19.0

U5.5
15.2
13-2*
3.8

15.5**
5.8
0.8
0.8
68.6**
5.1
35.3
17.0

20.3
17.0
25.6
20.8

k.8
6.1
85.8
12.7
13̂ .1
92.9
U2.2
U3.7

10.9
7.9
19.8**
1U.5
23. 1**
13.5
217.2**
65.6

18.5**
9.9

1 - % increase from March to September (continued)
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TABLE 2k

Species

Japanese
Yew

Rhododendron

-X-

•**

(continued)

Plot

Cont.
Exp.

Cont.
Exp.

Root Leaf Visual
Biomass Wt. Obs.

(mg) (g) % :

1087
572

0
0

Significant difference
Significant difference

0.98 k.6
0.50 U.3

0 0
0 0

between control and
between control and

Basal Shoot Length
Area (cm)

Increase 1 1976 1977

19. 3**
U5

0
0

experimental
experimental

11.
12.

8.
6.

9
7
It*
1

plot
plot

12
19
0
0

@ 95%
@ 99$

.2

.6

.0

.0

C.L.
C.L.

The results of Student's "t" tests for the dependent variables (i.e.
root biomass, shoot length, leaf weight and basal area) comparing experi-
mental with control plot indicated that black gum exhibited the least
difference in growth between the experimental and control plot (Table 25).
Rhododendron had the poorest growth of all species in that all replicates on
both plots succumbed by the end of the winter of 1976-1977, presumably from
the abnormally cold temperatures.

TABLE 25.

Rank a

1
2
3
h
5
6
7
8
9
10
11
12
13
lit
15
16
17
18
19

RELATIVE TOLERANCE OF SPECIES

Species

Black Gum
Norway Spruce
Ginkgo
Black Pine
Bayberry
Mixed Poplar
White Pine
Pin Oak
Japanese Yew
American Basswood
American Sycamore
Red Maple
Sweet Gum
Euonymus
Green Ash
Honey Locust
Hybrid Poplar
Weeping Willow
Rhododendron

TO LANDFILL CONDITIONS

S. "t" Statistics

2.66
3.22
U.95
6.59
6.62
8.13
8.9U
8.96
8.98
9.W
10.66
10.95
12.62
1̂ .25
lU.8?
15.05
20.33
21.20
All plants

b

died

(continued)



TABLE 25. (continued)

Rank 1 = the best growth vhen experimental plot is compared to the
control plot, i.e. most tolerant of landfill conditions.

a.

b. aC"tIJ = the sum of the "t" statistics for shoot length in 19?6; leaf
•weight, basal area increase, root biomass and shoot length in 1977
comparing the experimental area with the control.

Soil Variables

Measurements of numerous soil variables throughout the study were made
in order to characterize the nature of the stress to which the plants were
subjected on the experimental plot and to compare the,values for these
variables with those in the control plot (Table 26). The mean carbon dioxide,
methane and ten̂ elrab̂ ŷgrjĝ ŝ ^̂ jLĉ l̂ Lŷ greater (99$ C.L.) and the oxygen
B̂ dl'mcî ^̂ Ŝ Ŝ ix̂ '̂ ŝ iifiĉ ŷ̂ d̂mT 'on' th'e"experimental plot than on the
control'pTbtr'*

The calcium content (Table 26) was not significantly different between
plots immediately after fertilization in June 1977; however, by November,
the experimental plot contained less calcium than the control (99$ C.L.).
The pH was significantly lower on the control before and after fertilization
(99$ C.L.). There were no other significant differences for any of the other
measured nutrients between plots.

The soil textures (Table 26) were different (99$ C.L.) between the two
plots with the experimental plot consisting of 82.8$ sand while the control
plot contained 7̂ .0$ sand.

The moisture content of the experimental plot and control plots over
time during the summer 1977 is represented in Figure 20. For every date the
control plot shows a greater moisture content than the experimental plot.

TABLE 26. MEAN VALUES FOR SOIL VARIABLES ON EXPERIMENTAL
AND CONTROL PLOTS IN 1977

Soil Variables Experimental Control

$o2
$ co2
% CH.

Temperature °F

$ Moisture Content
PH
Mg
P

17.8

5-5*

0.9*
66.2*

8.1
5.0

lUl
106

19-7*
1.2

0.0

6U.3
11.0*
U.8

lUs
97
(continued)
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TABLE 26. (continued)

Soil Variables

Fe
Cu
Zn
Mn
B
Sand
Silt
Clay

Experimental

196
579
301
67
82.8

Control

82
210
1*65
385
62

K
CA
COND
N0_
3

NH^

Organic Matter

252
266
29
1*2

201

9.6

283
229
32
7̂
271

10

* Differences between experimental and control plots significant at 99$ C.L.

The average nitrate (N03) and ammonium (NĤ ) nitrogen for the experi-
mental and control plots are given in Table 27 for samples collected on
three separate dates in 1976 and 1977. There vas no significant difference
between plots for NH^ nitrogen on any of the three dates in spite of the
fact that, in June 1977, the Nldf on the control was much greater in concen-
tration than on the experimental plot. A single very high reading on the
experimental plot was the cause for this large difference.

TABLE 27. MEAN VALUES FOR NITRATE AND AMMONIUM NITROGEN
ON EXPERIMENTAL AND CONTROL PLOTS

Experimental a Control b

Date

October
June '77
November

'76

'77

NO-

Ibs/A

6.0
67.1
16.8

Ibs/A

58.3
370.0
10.8

Ratio

N03:NHU

0.10
0.18
1.56

NO

Ibs/A

10.5
103.2
39-5

Ibs/A

U8.5
587.1
11.5

Ratio

NO -NH^

0.22
0.18
3.̂ 3*

a. Each number is the average of 7 separate measurements.
b. Each number is the average of U separate measurements.
* Significantly greater than experimental plot (95$ C.L.).
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Figure 20. Soil moisture content of experimental and control plots.
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The NOo nitrogen content in the experimental plot was statistically
similar to that_in the control after fertilization in June 1977; however,
by November, NC>2 was significantly lower in the experimental plot (95% C.L.).
This resulted in a significantly lower NO~:NHi ratio in the experimental plot
than in the control.

Despite the anticipated variability in the independent soil variables
from one sampling location to another, and from one sampling date to the
next on the control plot, the variability on the experimental plot was,.far
greater than on the control particularly for oxygen i'carlJon̂ dioxide and
methane. This is reflected in the coefficients of variation calculated for
each independent soil variable in both plots (Table 28).

TABLE 28. COEFFICIENTS OF VARIATION FOR SOIL VARIABLES
ON EXPERIMENTAL AND CONTROL PLOTS

Soil Variables

°2
C°2
CHU

Temperature
Moisture Content

PH
Mg
P
K
CA
COND
NO

NHU

Organic Matter
Fe
Cu
Zn
Mn
B

Experimental

26. U2**

117. 3U**

388.86*-*

13.147
28.19
5.63
66.86
50.09
Mi. 50
115.69
5*1.00
73.69
10U.71
77.85
1U9.87
106.65
51.19
82.83
148.25

Control

U.02

36.29

0.00

12.U9
29.07
14.11

60.91
77.90
36.97
119-73
63.32
59.32

133. 57
72.17
125.19
105. 8U
6o.22
71.53
65.15

** Significant at confidence level.

Root System Profiles

The extent of vertical root penetration for plants growing on the
experimental landfill plot was found to be approximately 6-8 inches with the
root biomass in the top 6 inches of soil. The data indicated that the roots
of plants growing on the control plot penetrated 2-k inches (or 1.5 times)
deeper than on the experimental plot (Table 29).
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TABLE 29. DEPTH OF ROOT PENETRATION ON EXPERIMENTAL AND CONTROL PLOTS

Species Experimental Plot Control Plot

a.
*

Basswood
Sycamore
Sweet Gum
Black Gum
Black Pine

Average of U trees.
Significant difference

6"
5"
6"
V
5"

between plots @ 95% C.L.

9" *
7"
10" *
7"
8" *

GAS-BARRIER TECHNIQUES

Relative Viability of Plants

All plants in the gas-barrier techniques broke bud soon after planting
in the spring of 1976. During the following growing season all ten plants
(6 American basswood and k Japanese yew) on the clay/vents trench died as
well as ten Japanese yew scattered on the remaining barrier techniques
(Table 30). All remaining plants survived the winter 1976-1977, however, by
the end of the 1977 growing season, six plants had died (h of these were in
trench-clay/vents where 6 plants had died the previous year).

Relative Growth of Surviving Plants

Tree data collected in 1976 and 1977 from the five experimental gas-
barrier techniques and the experimental screening area (which serves as a
control for the barrier techniques) for American basswood and Japanese yew
are given in Table 31. For American basswood, the gravel/plastic/vents
trench and clay barrier mound on landfill supported significantly better
(99$ C.L.) growth than did the experimental screening area which had no
special treatment and represented typical landfill conditions.' This was true
for all the dependent (tree) variables measured excluding root biomass. The
variability in root biomass among the basswood trees within each of the
planting techniques is reflected in the relatively large variance components
among trees compared to those among techniques (Table 32). Because the
variability among trees was greater than the variability among barrier tech-
niques, no statistical differences were detected between barrier techniques
and experimental screening area despite the large difference in mean root
biomass. However, the measurements for root biomass for the gravel/plastic/
vents trench, the clay barrier trench and the clay barrier mound fall at the
high end of the range of values for all techniques (Table 32).

Japanese yew showed no significant differences between the barrier
techniques and the experimental screening area. The variance components for
Japanese yew within the barrier techniques were relatively large compared to
among techniques for shoot length, leaf weight and root biomass illustrating
the great variability among trees compared to the variability among barrier



TABLE 30. OBSERVATION OF DEAD TREES ON EXPERIMENTAL
AND CONTROL GAS-BARRIER TECHNIQUES

1976 Growing Season

Experimental a Control a

Seasons

1976-1977 Winter

Experimental Control

1977 Growing Season

Experimental Control

American
Basswood
216
217
218
219
220
221

Japanese
Yew

223 231*
225 238
226 239
227 2̂ 0
231 2Ul
233

American
Basswood
192

Japanese
Yew
210

No trees No trees American
died died Basswood

216
217
219
220

Japanese
Yew
228
229

No trees
died

a. All these plants were replaced in October 1976.

techniques (Table 32), resulting in no significant difference between any of
the techniques and the experimental screening area (Table 31).

Soil Variables

The average nitrate (NÔ ) and ammonium (NfflO nitrogen content in each
barrier technique is given in Table 33 for samples collected on two separate
dates in 1977. The NO^NH^ ratios in_Jun| for all techniques were relatively
similar, however, by November, the NOo'rNH^ ratio was more than two times
lower in the clay/vents trench than any other technique. There were no other
discernable nutrient trends other than a small decrease in the manganese
concentration in the clay/vents trench compared to a relatively large de-
crease in all other barrier techniques, resulting in a high manganese (U5
ppm) concentration by November (Table 33) in the clay/vents trench.

The values for soil oxygen, carbon dioxide, methane, moisture content
and bulk density are given in Table 3^ for each gas-barrier technique. These
data show that the gravel/plastic/vents trench and the two mounds on the ex-
perimental plot contained no excessive amounts df carbon dioxide and no
methane and that the oxygen concentration was 19.8$ or greater̂  However,
carbon dioxide and methane from refuse decomposition contaminated'"the 'ciay/
vents trench and the clay trench. .The oxygen concentration in these two
latter trenches was also significantly lower than in the control and in the

-.
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TABLE 31. MEAN VALUES FOR DEPENDANT TREE VARIABLES FOR EACH
GAS-BARRIER TECHNIQUE ON EXPERIMENTAL AREA

Planting
Technique

Trench-Plastic/
Vents/Gravel

Trench-Clay/
Vents

Trench- Clay/
No Vents

Mounds-No Clay

Mound- Clay

Experimental
Screening Area

Species

Jap. Yew
Basswood

Jap. Yew
Basswood

Jap. Yew
Basswood

Jap. Yew
Basswood

Jap. Yew
Basswood

Jap. Yew
Basswood

Root
Biomass

(mg)

516
800.

7U
153
616
1069
1051
622
1062
930

572
6hk

Basal
Area

(incre'ase)

17.0
73.3*

9-3
0.0
26.0
23.9
lU.O
31.3
6.2
6o.O*

U5.0
26.8

Visual
Obs.

5.0
U.5*
2.0
0.0

U.O
3.5

3.5
U.5*
2.5
U.5*
U.3
2.5

Leaf
Weight

(g)

1.2U
3.97*

O.Ul
0.02

0.59
2.21

0.6U
1.89
0.85
3.̂ 0*
10.98
l.OU

Shoot Length
1976 1977

(inches)

5.2
12. Ul*

0.52
1.06

5.1
7.19

6.9
10.98*

7.1
12.15*
5.0
7.U6

2.6l
8.98*

2.U3
.66

2.96
5.58
1.8U
6.66

2.78
8.52*

2.17
3.8U

Grew significantly better than the experimental screening area @ 99$ C.L.
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TABLE 32. VARIANCE COMPONENTS FOR AMERICAN BASSWOOD AND
JAPANESE YEW FOR THREE TREE VARIABLES

Shoot Length
American Basswood Japanese Yew

Source of Variation Variance Components Source of Variation Variance Components

Among techniques
Among trees
Among measurements

73-20
6.53
5.79

Among techniques
Among trees
Among measurements

10.59
21.50
2.32

Leaf Weight
American Basswood

Source of Variation Variance Components

Japanese Yew

Source of Variation Variance Components

Among techniques
Among trees
Among measurements

15.08
0.68
0.79

Among techniques
Among trees
Among measurements

0.08
0.36
0.08

Root Biomass
American Basswood . Japanese Yew

Source of Variation Variance Components Source of Variation Variance Components

Among techniques
Among trees

573,181
916,160

Among techniques
Among trees

57,832
286,U32



TABLE 33. NITRATE NITROGEN, AMMONIUM NITROGEN AND MANGANESE
CONTENTS OF SOIL IN THE BARRIER TECHNIQUES

Experimental Plot

Trench-gravel, Trench-clay Trench-clay Mound-no Mound
plastic, vents vents no vents clay clay
June Nov. June Nov. June Nov. June Nov. June Nov.
77 77 77 77 77 77 77 77 77 77

Control Plot

Trench Mound

June Nov. June Nov.
77 77 77 77

NO 120.0 20.0

CO
U)

Ibs/A

Ibs/A

6l.O 12.0 50.0 12.0 57.0 lU.O U6.0 UO.O 62.0 36.0 13̂ .0 8̂ 4.0

620.0 8.0 395.0 12.0 280.0 U.O 580.0 2.0 3^0.0 16.0 360.0 6.0 560.0 22.0

NO :NĤ  0.19 .2.5

ratio

0.15 1.0 0.18 3.0 0.10 7.0 O.lU 2.22 0.17 6.0 0.2U 3.80

Mn
ppm

90.0 6.5 55.0 U5.0 50.0 6.0 50.0 8.5 72.5 11.0 M*.5 12.5 77.5



'other "three techniques on the experimental plot (99% C.L.).

TABLE 3k. MEAN SOIL VARIABLE LEVELS IN THE GAS-BARRIER TECHNIQUES

3

pe
ri

m
en

ti

#
, J

C
on

tr
ol

Gas-Barrier
Techniques

Gravel/Plastic
Vents Trench

_p Clay/Vents Trench

P* Clay Trench

Mound

Clay Mound

-P Trencho
Si Mound

Oxygen
^Volume

19. 8c*

l6.3b

20. 3c

20. 3c

19. 6c

19. kc

Carbon
Dioxide
foVolume

1.3a

22. 8c

7. Ob

0.8a

0.8a

1.2a

1.2a

Methane
V̂olume

O.Oa

11. 8c

O.Tb

O.Oa

O.Oa

O.Oa

O.Oa

Moisture
Content
% Dry
Weight

9. Ob

11. Oc

8.Ub

7.3a

7.5a

10. 5c

10. 7c

Bulk
Density

1.29&

lA2a

1.67b

l.SUa

l>5a

1.73b

* Means in a column followed by different letters are statistically
different at P <0.01.

The moisture content of the soil in the experimental techniques was
generally lower than on the control; however, the highest moisture content is
in the clay/vents trench. In addition, analysis of variance showed that the
soil in the two mounds on the experimental plot had a significantly lower
moisture content than any of the other barrier techniques. Analysis of
variance of bulk density showed that the values in the clay trench on the
experimental plot as well as the trench on the control plot were signifi-
cantly higher than in any other techniques (99$ C.L.).

Statistical Analysis of the Effect of Soil Variables on Tree Variables

Multiple regression analysis of American basswood shoot length data
shows a correlation with the linear responses of carbon dioxide, lowest
oxygen, highest temperature, bulk density and moisture content, R̂ =53%. The
general multiple linear regression model given in equation 1 becomes the
estimated multiple

+ Bu Xu + Ci (1)

regression equation for basswood shoot length in equation 2.

Y = U5.2U - 0.32 lowest oxygen - 0.57 carbon- dioxide - 0.2k highest

temperature - 12.3̂  bulk density + 0.78 moisture content. (2)

Addition of the quadratic, reciprocal and interactive effects of these
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variables did not change the coefficient of determination (R ).
t

Multiple regression analysis of basswood leaf weight shows a correlation
with the linear responses of temperature and bulk density, R2 = Ul$ according
to equation 3.

Y = 37.86 - 0.37 temperature - 6.58 bulk density (3)

When the quadratic, reciprocal and interactive effects of these vari-
ables were added into the analysis, an increase in R2 of 22$ was obtained
with the equation

Y = 37.69 - 0.23 highest temperature - 10.12 bulk density - 0.10
(moisture content x carbon dioxide) - l.U2/CO_ +k (U)
2 f-

giving an R = 63%.

When the tree response root biomass was regressed onto the ten soil
variables, it was found to correlate linearly with temperature, bulk density
and moisture content, R2 = 39$ according to the equation

Y = 15395.87 - 222.17 temperature - 1129.52 bulk density + 269.65
moisture content. (5)

The addition of quadratic, reciprocal and interactive effect of these
variables did not change the coefficient of determination.

Multiple regression. analysis of basswood basal area increment data
shows carbon dioxide and bulk density to1 be linearly correlated with the
response basal area R2 = U8$ as seen in equation 6.

Y = lUl.US - 2.U2 carbon dioxide - 59.07 bulk density. (6)

Examination of the quadratic, reciprocal and interactive effects
produced an increase of 5$ in the coefficient of determination to R2 = 53$
(see equation 7).

Y = 169.05 - 69.60 bulk density - 2.07 (bulk density x carbon dioxide)-
i* (7)

THE EFFECT OF CARBON DIOXIDE AND METHANE IN THE ROOT ZONE OF TWO MAPLE
SPECIES

At the termination of the US-day experiment to compare the effects of
simulated landfill gases with those of flooding on two maple species, both
red and sugar maple trees fumigated with C&z. and- CHU were in noticeably worse
condition than the controls. The main symptoms were chlorosis and abscission
of the lower leaves (Table 35). The flooded sugar maples began to lose their
leaves by the llth day of treatment and defoliation was complete by the 20th
day. The red maples still had most of their leaves at the termination of the
experiment on the hQth day, however, the leaves which still remained attached
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were chlorotic. All the red maples ^a^^jr^e^fJLQpded^exhibited'adventitious ,
root development "below' 'or^ju^t^ above'Tihe jsurface of tjae&water and swelling of
the^lenticels which were'exuding""a soft' -textured white^-'substance. <

TABLE 35. NUMBER OF MAPLE SEEDLINGS* EXHIBITING VARIOUS
GROWTH CONDITIONS AT TERMINATION OF EXPERIMENT

1

Condition Red Sugar

Healthy 1 1

2
Air

Red Sugar

6 8

3
Flooding

Red Sugar

0 0

Chlorotic

Lower third
of tree

Lower half
of tree

> half
of tree

5

2

2

o

o

2

0

0

3

5

2

0

0

0

Defoliated

Adventitious

0

0

0

0

0

0

0

0

0

10

10

0

10 seedlings in each treatment.

The rate of transpiration which is inversely related to stomatal diffu-
sive resistance for the sugar maples fumigated with C02 and CHl̂  (Treatment 1)
was found to be significantly less than the control on day-2^ (Tables 36 &
37). The red maple seedlings fumigated with C02 and CHî  showed no signifi-
cant difference in transpiration from the control at any time during the
experiment (Table 36 & 37). The sugar maples grown in flooded soil showed
a significant decrease in transpiration rate on the 3rd day of the treatment,
whereas the red maples which were flooded did not show a decrease in transpi-
ration until day-^2 of the experiment (Tables 36 & 37).

The composition of the soil atmosphere in the garbage cans fluctuated
during the experiment. These data are given in Figures 21, 22, 23 and 2U.
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TABLE 36. MEAN STOMATAL RESISTANCE (SEC/CM)* OF RED AND
SUGAR MAPLE SEEDLINGS IN VARIOUS TREATMENTS

Date

1977

8/9
8/10
8/12
8/15
8/18
8/21
8/23
8/29
9/2
9/8
9/21
9/27

l
Treatment

2

CO + CH. Air

Red

6.5
13.5
9.5
8.0
7.5
7.5
8.5
9.0
7.5
13.5
13.5
19.5

Sugar

N R
16.0
9.0
7.5
1̂ .5
8.0
12.0
15.5
21.0
89.5
60.5
1*9.0

Red

N R
11.0
9.5
7.5
11.0
8.0
9.5
9.5
6.5
13.5
.12.0
17.5

Sugar

7.5
18.5
11.0
7.0
15.5
8.5
13.0
9.0
7.5
17.0
11.0
19.5

3
Flooding

Red

6.5
N R
lU.O
7.5
16.5
6.0
11.0
13.0
7.5
17.5
2U.O
28.5

Sugar

8.5
N R
66.5
26.0
8l.O
109.0
120.0
N L
N L
N L

- N L
N L

N R No reading.
N L No leaves.
* Each value is the mean of or 10 readings per 10 trees.

TABLE 37. STOMATAL RESISTANCE* OF MAPLE SEEDLINGS FOR TREATMENTS
1 AND 3 RECORDED AS PERCENT OF CONTROL

Treatment

1 3

Date

1977

8/10
8/12
8/15
8/18
8/21
8/23
8/29
9/2
9/8
9/21
9/27

- COp + CHi Flooded

Red

122.7
100.0
106.6
63.6
93.8
89.5
9̂ .7
115.3
100.0
112.5
111.3

Sugar

86. U
81.8
106.1
93. U

92.3
172.2
280.0**
526. U**
550. 2**
251. 2**

Red

N R
lVf.1
100.0
150.0
75.0
115.7
136.7
115.3
129.6
200.0
162.8

Sugar

N R
60̂ 4.5**
328.5**
522.5**
1282.3**
882.3**
N L
N L
N L
N L
N L

( continued)
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TABLE 37. (continued)

N R No readings.
N L No leaves.
* Each value is the mean of U or 10 readings.
** Statistically significant increase (P < 0.01),

*•<

&

EFFECT OF CO AND CH^ ON THE GROWTH OF TOMATO PLANTS IN SAND SOLUTION CULTURE

Experiment 1

The average composition of the soil atmosphere in the culture vessels
for each treatment is given in Table 38. No statistically significant
difference was found "between the three treatments in terms of total change in
height, total dry weight of the leaves or total nitrogen content of the leaf
tissue (Table 39). Four of these plants exhibited a reddening of the veins
on the intermediate-aged leaves which had been fully expanded at the start of
the fumigation. This symptom was not observed on any of the plants treated
with low Og or air (Treatments A & B). All the plants receiving high C02 and
CH1| concentrations exhibited adventitious root development on the stems above
the glass lids.

Temperatures in the vessels ranged from a low of 65°F to a high of 8l°F
during the experimental period.

TABLE 38. MEAN PERCENT COMPOSITION* OF THE CULTURE
VESSEL ATMOSPHERES IN EXPERIMENT 1

Gas %

°2
co2

2
CHU

A

20.7

1.1

78.2

0.0

Treatment

B

12.2

1.3
86.5
0.0

c

10.5
7.2

62.3
20.0

Mean of 35 to Uo observations, corrected to 100 percent.
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TABLE 39. TOTAL INCREASE IN HEIGHT, FOLIAR DRY WEIGHT,
AND TOTAL NITROGEN CONTENT OF THE LEAVES OF

TOMATO PLANTS* AT THE TERMINATION OF EXPERIMENT 1

Total
Nitrogen ($)

Total dry
weight (g)

Total increase
in height (cm)

A

1.9

13.1

16.7

Treatment

B

1.6

12. U

10.2

C

1.9

13.1

16.7

Each value is the mean of 7 replicates.

Experiment 2

The average composition of the culture vessel substrate atmospheres for
each treatment in the two trials of this experiment are given in Tables Uo
and Ul.

TABLE hO. MEAN PERCENT COMPOSITION* OF THE CULTURE VESSEL
ATMOSPHERES IN EXPERIMENT 2, (8-DAY FUMIGATION)

Gas %

°2
co2

N2
CH^

A

20.0

0.6

79 A

0.0

B

6.9
0.7

92. U
0.0

Treatment

C

6.6

3^.2
59.2

0.0

D

6.h
39.5
7.6

MS. 5

E

6.3
0.9

U7.6
U5.2

* Mean of 20 to 25 observations, corrected to 100 percent.
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TABLE Hi. MEAN PERCENT COMPOSITION* OF THE CULTURE VESSEL
ATMOSPHERES IN EXPERIMENT 2, (12-DAY FUMIGATION)

Gas %

°2
co2

N2
CH^

A

20.0

0.5

79-5

0.0

B

6.7
o.U

92.9
0.0

Treatment

C

6.7

35.1
58.2

0.0

D

5.2

39.2

9.8

H5.8

E

5.0

1.8

^9.9
H3.3

* Mean of 30 to 33 observations, corrected to-100 percent.

The plants that were ..treated,, with air or low 02, but nô CĤ ô
(Treatments A and B) grew significantly better than did the plants receiving
high COo with or without CH1| (Treatments C and D). This was true for both
the 8-day and 12-day trials of the experiment and was evidenced by greater
nitrogen content of the leaf tissue, increased height of the plants and
greater dry weight of the leaf tissue (Tables U2 and U3). The visual appear-
ance of the plants also bore out this relationship. The plants receiving
high concentrations of C02 with or without City (Treatments C and D) began to
decline after three days of treatment. The symptoms observed were a swell-
ing of the stem accompanied by the formation of adventitious roots which
became more pronounced as the treatments continued. The leaves first became
chlorotic, then completely yellow and finally, necrotic. This decline pro-
gressed upwards on the stem for the duration of the experiment.

At the termination of the 8-day trial the plants receiving air or low
Qo (Treatments A and B) were in the same condition as the plants receiving
City and no COo (Treatment E). This relationship was evident in terms of the
parameters measured and the visual appearance of the plants. During the
second trial (12 days) the plants receiving CH^ and no C02 were in the same
condition as the plants receiving air or low 02 after eight days of treat-
ment but by the twelfth day they had gone into a rapid decline. This decline
was believed to have been caused by lower Og concentrations in the vessels
brought about by a build-up of methane-utilizing bacteria in the substrate.
The 02 levels had fallen below 2% in Treatment E after eight days of treat-
ment concomitant with the decline of the plants. Oxygen depletion was not
observed in any of the other treatments.

During the first trial the temperatures in the greenhouse ranged from
68°F to 77°F and in the vessels from 70°F to 8l°F. During the second trial
the temperature in the greenhouse ranged fron 75 °F to 88°F and in the
vessels, from 73 °F to 90°F. No consistent temperature differences were
observed between the treatments.



TABLE 1*2. TOTAL INCREASE IN HEIGHT, FOLIAR DRY WEIGHT,
AND TOTAL NITROGEN CONTENT OF THE LEAVES OF TOMATO
PLANTS* AFTER 8-DAYS OF FUMIGATION IN EXPERIMENT 2

Total
nitrogen ($>)

Total dry
weight (g)

Total increase
in height (cm)

A

2. la

8.7a

16. 5a

Treatment

B C D

1.7b 1.6b 1.5b

8.7a 2.7b 3. Ob

15. 3a U.lb U.Tb

E

2. la

9.0a

15. 5a

* Mean of h replicates.
All values in row followed by an a are greater than values followed by a
b. (P < 0.01).

TABLE U3. TOTAL INCREASE IN HEIGHT, FOLIAR DRY WEIGHT,
AND TOTAL NITROGEN CONTENT OF THE LEAVES OF TOMATO
PLANTS* AFTER 12-DAYS OF FUMIGATION IN EXPERIMENT 2

Total
nitrogen (%)

Total dry
weight (g)

Total increase
in height (cm)

Treatment

A B C

2.58a 2.6Ua 1.68b

9.1*a 9. la 3.8c

20. 9a 21. la 6.0c

D

1.89b

2.2c

5.0c

E

1.80b

5.9*>

16. 6b

* Mean of k replicates.
All values in row followed by an a are greater than values followed by a
b or c (P<0.01). Values followed by a b are greater than values followed
by a c (P<0.01).

Experiment 3

The mean percent composition of the culture vessel atmospheres for each
treatment is given in Table 1*1*. The plants that were treated with low 09
and low C02 (Treatment A) grew significantly better than the plants given
high C02 with low 02 or with high 02 (Treatments B and C). This relationship
was evidenced by dry weight of the leaf tissue, increased height of the
plants and adventitious root development (Table 1*5). Five of the plants
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receiving high C02 (Treatments B and C) wilted after three days exposure, and
a.11 but two had recovered from their wilted condition by the fourth day of
exposure. Of the two plants which did not recover, one was in Treatment B
and one in Treatment C. By the tenth day of exposure all the plants given
high CC>2 (Treatments B and C) exhibited adventitious root development on the
shoots and a general chlorosis of the leaves. The plants remained in this
condition throughout the experiment, exhibiting little additional growth.
Adventitious root development was suppressed on the two plants which had
wilted.

TABLE hk. MEAN PERCENT COMPOSITION* OF THE CULTURE VESSEL
ATMOSPHERES IN EXPERIMENT 3

Gas %

co2

N2

A

6.3
0.3

93.^

Treatment
B

17.0

28.7

C

6.0

28.8

65.2

* Corrected to 100 percent.

TABLE U5. TOTAL INCREASE IN HEIGHT, FOLIAR DRY WEIGHT
AND ADVENTITIOUS ROOT DEVELOPMENT OF TOMATO
PLANTS AT THE TERMINATION OF EXPERIMENT 3

Treatment

A B C

Total increase
in height (cm) Hl.3a

Mean dry
weight (g) 9.0a

Adventitious
root development

2.Ub

3. Ob

O.Ub

All values in row followed by an a are greater than values followed by a
b



Experiment ̂

The average -composition of the atmospheres in the culture vessels for
each treatment is given in Table k6.

The plants that were treated with low .92 (control) or 10$ C02 (Treatment
A and B) grew significantly better than the plants treated with 20$ C02
(Treatment C). The latter plants all exhibited adventitious root development
and general chlorosis by the seventeenth day of exposure (Table V7). The
adventitious root development involved, on the average, the lower 9.5 centi-
meters of the stem at the termination of the experiment. At the start of the
experiment all the plants exhibited an interveinal chlorosis believed to have
been caused by lack of light due to extended cloudy weather. By the tenth
day of exposure this symptom had begun to subside on control and high CH^
treated plants (Treatments A and D) but was more pronounced on the plants
given 10 and 20$ C02 (Treatments B and C). This symptom had disappeared
from all plants by the seventeenth day of treatment but could have been
masked on the plants receiving 20$ C02 by the total chlorosis observed at
this time.

By the seventeenth day of exposure all the plants receiving 50$ City
(Treatment D) exhibited adventitious root development involving the lower
28.5 centimeters or so of the stems at the termination of the experiment.
These plants also exhibited chlorosis of the lower leaves and epinastic
curvature of the lower one-third to one-half of the leaves, not all of which
were exhibiting chlorosis. The development of these symptoms occurred
concomitantly with the lowering of the 02 percentage in the root atmospheres
(Figure 25) presumably due to the activity of methane-utilizing micro-
organisms.

TABLE k6. MEAN PERCENT COMPOSITION* OF THE CULTURE VESSEL
ATMOSPHERES IN EXPERIMENT k

Gas $
Treatment

B D

°2
co2

N2
c\

6.3
O.U

93.3
0.0

17. !*

9.1
73.5
0.0

17.1

18.0

6H.9
0.0

1*.3

1.7
1+9-6
UU.U

* Each value is the mean of 12 to 15 observations, corrected to 100 percent.
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TABLE V/. -TOTAL FOLIAR NITROGEN AND DRY WEIGHT AND
INCREASE IN HEIGHT AND ADVENTITIOUS ROOT DEVELOPMENT
OF TOMATO PLANTS* AT THE TERMINATION OF EXPERIMENT U

Total
nitrogen (%}

Mean total
dry weight (g)

Total increase
in height (can)

Adventitious
root development

Treatment

A B C D

3. la 2.5a 2.Ua 2. Ob

11. Oa 9.5a 2. Ob 8.5a

Ul.Oa 51. 3a 3.8c 29. 3b

-
Mean of U replicates.
All values in a row followed by an a are greater than values followed by
a b or c (P<0.01). Values followed by a b are greater than values
followed by a n (P<0.01).
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SECTION 7

DISCUSSION

A survey of soil atmospheres on twenty completed sanitary landfills
throughout the United States revealed that combustible gas (methane), CO
and, to a lesser degree, 02 readings were concentrated in two extreme per-
centage categories rather than being evenly distributed among all of the
categories (Tables 12, 13, and lU). The combustible gas readings were most
extreme in this respect, with 86.2% of the samples containing less than 10%
combustible gas by volume, whereas 12.3% of the samples contained 25% or more
combustible gas and only l.U% of the samples had combustible gas concentra-
tions between 10 and 2̂ .9%. This polarization of sample distribution is
probably due to the tendency of refuse-generated gas to well up in specific
areas rather than uniformly over the entire landfill site. This could be due
to the fact that certain areas on the landfill are less restrictive of gas
flow and act as chimneys for gas release, or to some characteristic of the
refuse. This tendency of gas to occur in isolated areas in the cover mate-
rial could be useful when vegetating these sites. By.locating the areas
where the .gases ar&jaggffeffb»jhigh concentrations can be avoided and the loss
of expensivê Vreê ŵl̂ shrubs can be minimized.

Data for soiJL^gas composition on the Edgeboro Landfill indicated a
strong correlation"~between the presence of landfill gases in the soil and the
poor growth of existing vegetation. The gas samples were taken from a depth
near or below the interface between the refuse and the cover material. This
indicates that the presence or absence of landfill gases in the cover mate-
rial was not a function of the depth of the cover but rather a function of
the state of decomposition or some other characteristic of the refuse. The
tendency of areas of soil covers saturated with landfill gases to be thinner
than areas which did-not-contain landfill gases could be due to soil erosion
brought about by lack of protective vegetation over the gas-saturated areas.

The Edgeboro data also indicate that severe contamination of the soil
atmosphere by landfill gases was localized and stable on the undisturbed
surface of the landfill during the fifteen month period of soil atmospheric-
sampling. The large size of some of the existing trees in the areas con-
taining little or no soil landfill gas indicates that these areas have
probably been stable with respect to gas contamination for a number of years.

A considerable amount of effort and money could be saved when vegetating
this or any former landfill where high concentrations of landfill gases are
found to occur in the soil cover by not planting at these locations.

Most of the tree deaths on the Edgeboro experimental screening areas can
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t
be attributed, to factors other -than landfill gas (especially on the control).

damage and winter

Rhododendron suffered the greatest number of deaths all of which were
attributable to lack of soil moisture' or winter injury. Several of these on
the experimental plot had landfill gas in the root zone, however, the gas was
only detected after these rhododendrons had died. The demise of eight of the
ten dead hybrid poplars can also be attributed to lack of soil moisture.-
These trees, six on the experimental and two on the control, had succumbed
during the driest part of the summer of 1977 when the soil moisture reached
5.5$ °n the experimental plot and 6.0$ on the control. No other species
appeared to be as adversely affected by the low soil moisture as were these
two.

Since black gum and sweet gum had been grown in containers in the nur-
sery, their root systems were rather small at the time of planting, resulting
in the death of several replicates of each species on the experimental plot
due to lack of water. One replicate of each succumbed on the control plot,
also from low soil moisture.

Damage to several euonymus trees by rabbits resulted in severe cambial
disruption causing the death of five replicates on the experimental plot and
poor growth of most of the others on the experimental and control plots.

The species which were very tall (12-15') at the time of planting (i.e.
American sycamore, weeping willow and green ash) suffered from acute water
deficiencies on the experimental plot apparently due to their large size.
Many American sycamore and weeping willow trees died back and sprouted from
the lower trunk and root collar during the first growing season (1976) ,
whereas those on the control plot grew normally and suffered very little
dieback.

Although landfill gas was not significantly correlated with death of
trees, in a number of instances the carbon dioxide concentration at one
foot beneath a recently dead Norway spruce was 18$ and under a dead sweet
gum lOfo. On the other hand, landfill gases were consistently associated with
death of trees in one landfill gas-barrier technique where carbon dioxide and
methane were much higher than in the landfill screening area. Apparently,
gas concentrations in most locations on the screening area were not high
enough to cause tree death.

Although landfill gas concentrations in the experimental plot were not
high enough to account for actual death of many of the plants, they were of
adequate magnitude to detect the order of relative tolerance of the surviving
trees as listed in Table 25. This listing resulted from a consideration of
four tree variables including leaf and root biomass, shoot length (1976 and
1977) basal stem area.

It is interesting that of the nine most tolerant species, only three
i.e. black gum, bayberry and pin oak, (73) have been reported to be able to
withstand low oxygen tension in the soil, one of the criteria for selecting
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experimental species (Table 3). However, seven of these most tolerant species
were three feet or less in height when planted, whereas seven of the last ten
species in Table 25 were six feet or taller when planted. Obviously,othersize
of the tree as well as the biological ability of species to withstand >-low*bxy-
gen"is "'important in selecting vegetation for completed sanitary landfills.

In order to assess the role of the various soil variables in predis-
posing these species to landfill tolerance, multiple regression analysis was
performed for data from American basswood (the species present in both types
of experiments) for the four tree variables (shoot length, leaf weight, root
biomass, basal area). Resuits*indicated that the soilvvariables, including-
oxygeny-'carbon dioxide, temperature, moisture content and bulk density ex-,
plained a-significant portion (95% C.L.) of the variability in the tree
responses to landfill conditions. Examination of the quadratic effects of
these variables did not result in an increase in the coefficients of deter-
mination (R̂ ); however, when the interactive and reciprocal effects were
added to the models, the interactions: moisture content with carbon dioxide,
and bulk density with carbon dioxide, as well as the reciprocal of carbon
dioxide to the fourth power resulted in a significant increase in the coef-
ficient of determination above that for the linear model.

Regression equations were computed for each of the four variables with
respect to American basswood. The equation for shoot length (equation 2,
page 8k) indicates that the significant soil variables which explain 53% of
the variability are carbon dioxide, temperature, bulk density, oxygen and
moisture content. The negative coefficients for the first three soil vari-
ables indicate that high levels of these variables are correlated with a de-
crease in shoot length of American basswood trees while the positive coeffi-
cients for oxygen and moisture content correspond to an enhancement of growth
at high levels and a detrimental effect at lower levels of oxygen and
moisture content.

In that the reciprocal and interactive effects of the soil variables
increased the R^ value by 22% for leaf biomass, they were included in the
final regression model for leaf biomass (see equation k, page 85). The
significant independent variables temperature, bulk density, the interaction
of moisture content with carbon dioxide and the reciprocal of carbon dioxide
to the fourth power explained 63% of the variability. High levels of all
these variables correspond to a decrease in leaf bicmass in that the regres-
sion coefficients are negative. The interaction of moisture content with
carbon dioxide shows that for the same concentration of carbon dioxide, the
leaf weight of basswood is different for different levels of moisture content.
The reciprocal effect of carbon dioxide illustrates that at low carbon diox-
ide concentrations, a gma.il increase in concentration corresponds to a large
decrease in leaf weight, whereas at higher carbon dioxide levels, leaf weight
changes very little with changes in carbon dioxide concentration.

Thirty-nine percent of the variability in root biomass can be attributed
to the soil variables temperature, bulk density and moisture content leaving
a considerable amount of the variability unexplained. In that the variance
in the root biomass among basswood trees is large compared to the variance
among the screening areas and the gas-barrier techniques, it is not sur-
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re-

prising that only a small portion of the variability could be accounted for
by the independent soil variables. The large variance among trees can be
partially explained by the sampling method. The method of sampling roots
for the present study, i.e. taking only one sample per tree, is subject to
a large amount of error in that the likelihood of collecting widely differ-
ent biomass for trees growing under the same conditions is high. This stems
from the fact that one sample collected from a particular tree may have
purely by chance, been taken from a portion of the root system high in root
biomass while a sample from another tree may have come from an area of low
biomass. This problem can be partially overcome by sampling roots from two
or more areas around a particular tree.

The significant effects in the equation describing the basal stem
cross-sectional area response of American basswood, with an R2 of fifty-three
percent, were bulk density, the interaction of bulk density with carbon
dioxide, and the reciprocal of carbon dioxide to the fourth power. Since the
regression coefficient for each of these effects was negative, an increase in
the value for these significant soil variables corresponds to a decrease in
the basal area. The significant interaction effect illustrates that at a
particular level of carbon dioxide, the difference in basal area is not the
same for different levels of bulk density. The significant reciprocal effect
for carbon diocide shows that a low C02 cpnceni;râ pn;o(i,e._ 0-5$), a small
increase in concentration results in a large decrease'in the basal area,
whereas at higher concentration (i.e. 5-30$ COg)> an increase in carbon
dioxide corresponds with a small 1 decrease'in basal area. Rajappan (120) has
shown that root growth of red kidney bean was completely inhibited at carbon
dioxide concentrations of 5-5$. On the other hand, cotton seedlings grown
in hydroponic solution were able to make optimum growth with 10$ carbon
dioxide present, provided at least 7.5$ oxygen was present (52).

Apparently, the variability within each basswood tree for shoot length
and leaf weight has been provided for adequately by collecting six and four
measurements per tree respectively, because the variance of these two
variables for a particular tree is small compared with the variance among
trees. Consequently, the R2 values for shoot length (53$) and leaf weight
(63$) are considerably higher than that for root biomass (39$) where one
sample per tree was collected.

In that there is only one measurement possible for the cross-sectional
basal area of a particular tree, its value should represent very well the
amount of growth which that particular tree has produced. However, since
the calculation of cross section basal area is dependent upon the tree di-
ameter, then any error in the diameter measurement would result in an
erroneous basal area. Furthermore, when the diameter measurement is used
for the calculation of basal area, a circular cross section is assumed.
This is indeed an invalid assumption in that several of the trees are obvi-
ously not circular. Despite the high R2 value (53$) for basal area of
American basswood, some of the unexplained variability can most likely be
attributed to the non-circularity of some of the trees.

Despite the correlation of carbon dioxide with the growth of American
basswood, higher R2 values may be obtainable by placing the soil gas collec-
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tion samplers at a depth comparable to the depth of the root system. This
depth was found to be approximately six inches on the experimental plot and
eight inches on the control plot. For the present study, gas samplers vere
twelve inches below the soil surface. Since the average root depth was four
to six inches above the depth of the samplers, the gas concentration in the
root zone was not precisely measured. However, since carbon dioxide cor-
relates so well with poor growth, appê entl̂ Ŝ iŝ SRJCŴ ^
inches wasWelatedHo the • ccneentrirtl̂ ^̂

Until now, oxygen has not been considered in the discussion of soil
factors and their effect on tree growth since oxygen became a significant
effect in only one of the four descriptive equations. The values for oxygen
correlated very highly (r = -.938) with those for carbon dioxide. Since
carbon dioxide was slightly better correlated with growth than oxygen, it
was entered into the majority of the equations and oxygen was omitted.
However, the absence of oxygen in the equation describing the variability
in growth must be interpreted with care. Since it is impossible to describe
the effects of each of these gases separately any discussion of the effects
of high carbon dioxide concentration on growth is confounded with the effects
of low oxygen.

Methane gas concentrations on the experimental plot screening area
averaged approximately one percent of the soil gas atmosphere at a depth
of one foot. Since this concentration is low, methane was not a significant
factor in explaining the variability in the tree responses. The low methane
concentration may be due to the action of Pseudomonas chromobacterium in the
landfill cover soil which utilizes methane as a source of carbon in its
metabolism (70). Oxygen is also required during the metabolism of these
bacteria which ultimately produce carbon dioxide and release it to the
surrounding soil. Therefore, the action of these bacteria in the landfill
cover- soil results in the production of carbon dioxide at the expense of
oxygen and methane. This reaction may be significant in that our studies
indicate that methane is innocuous to tomato plants if oxygen. is not limiting,
whereas carbon dioxide has a detrimental effect on growth.- If activity of
these bacteria can be inhibited, then less carbon dioxide will be present in
the landfill soil and the vegetation growing in this soil may have a better
chance to survive.

The nature of the soil strata (i.e. consisting of ten year old refuse
lying beneath two feet of soil) and perhaps the higher soil temperatures
and sand content on the experimental landfill plot helped promote drying
of the soil. Normal capillary water movement is restricted in such a soil
structure to the top two-feet enabling the roots to obtain additional water
only from irrigation or rainfall, and not from deeper soil layers. The soil
structure on the control plot is closer to normal with two feet of soil
spread over virgin land. Here, capillary action can help supply water to the
roots under low moisture conditions. In addition', the slope of the experi-
mental plot was about two percent whereas that of the control was one percent,
promoting more runoff on the experimental plot and resulting in less water
percolation and ultimately a lower soil moisture content. If the rate of
transpiration is measured on both plots for particular species along with
soil moisture content through time, rate of soil moisture loss relative to
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the transpiration rate can be calculated for both plots. If these rates are
proportional on the control plot and not proportional on the experimental
plot, then some of the water was perhaps lost from the experimental plot soil
by processes other than transpiration.

This could imply one of two processes: first, that more water is perco-
lating through the two-foot soil layer on the experimental plot and being
lost to the refuse layer below and that on the control plot the undisturbed
soil beneath the top two feet is slowing down percolation; second, that on
the control plot, the deeper soil permits capillary water movement upwards
toward the dryer surface layer where the roots are located and that on the
experimental plot where only two feet of soil lies above thirty feet of
refuse, these deeper soil layers are not present to facilitate such capil-
lary action. Further studies may show whether or not these relationships
are valid.

The trees on the control plot produced more leaf biomass than those on
the experimental plot, causing more of the smaller trees and shrubs as well
as the soil to be shaded to a greater extent on the control plot. This may
have tended to reduce the transpiration rate of the shaded plants and thus
the rate of evaporation from the soil surface to lessen the water demand on
the control plot. In that soil moisture content has contributed
significantly to explaining the variability in equations two (page 8U) and
five (page 85) let us examine it further.

The experimental plot was also more exposed to the elements and more
likely to be subjected to stronger winds than the control. This could place
an even greater demand f6r water on the trees growing in the experimental
plot so that the evapotranspiration rate would be enhanced at the expense of
soil moisture and may further explain the significantly lower soil moisture
on the experimental plot.

The direct relationship of soil moisture content with plant response is
brought out by the positive regression coefficients for moisture content in
equations two and five showing that when moisture content was increased, the
American basswood trees responded by increasing growth. Although this rela-
tionship is significant when all the American basswood data is included in
the analysis, where moisture content was highest (in clay/vents trench), the
growth of basswood was the poorest, i.e. the reverse of the previously
stated relationship. This supports the positive relationship between growth
and soil moisture content in that the regression coefficient is positive,
despite the reverse relationship in the clay/vents trench.

Why then is the high moisture content in the clay/vents trench asso-
ciated with the poorest growth? To answer this question it is necessary to
recall that water is one of the products of decomposition of the organic
matter in refuse (21). In addition it is also produced by the methane-
utilizing bacteria (70). It travels along with the other decompositional
gases and since both carbon dioxide and methane were high in this trench,
presumably the high moisture content resulted from water vapor migrating
with these decomposition gases. The carbon dioxide concentration was a
significant factor in the regression equation calculated for shoot length,
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leaf weight and basal area for American basswood and had a negative coef-
ficient, illustrating the detrimental effect of carbon dioxide on American
basswood growth. Therefore, the high carbon dioxide in the clay/vents trench
appeared to have contributed largely to the poor growth of these trees de-
spite the high moisture content.

prcfluĉ lMiy.!!!*̂ ^
sucĥ al̂ nitroraB Although the leaf tissue was not analyzed for nutrient
content during The present study, future analysis will make possible a
better understanding of the effects of landfill soil environment on nutrient
uptake and assimilation.

Tr mjiaK,1^̂ ^̂  levels were_ also found̂ tO:be influenced by the land-
fill; en5̂ ^̂ ŜET**rThe ratio of NO^tNH^ on the. experimental and control
screening areas were identical following the application of fertilizer in
the spring of 1977; however, by November of 1977> the NO^NHt ratio on the
control was more than two times greater and significantly different from the
ratio on the experimental plot indicating one or both of two things: either
more ammonium nitrogen was converted to nitrate on the control plot because
of the higher oxygen concentration in the soil on the control plot, or
nitrate on the experimental plot was reduced to ammonium due to the utili-
zation of the oxygen portion of nitrate in the metabolism of soil bacteria
(117). This reduced the amount of nitrate in the soil and could result in a
lower N03:NH£ ratio as exhibited on the experimental plot.

The NO^rNH^ ratio in the clay/vents trench where the oxygen concentra-
tion was H.3$, was more than two times less than the other gas-barrier
techniques where the oxygen was 16.3$ or greater. The same two possibil-
ities as described above most probably contributed to these phenomena.

The manganese content in the experimental and control screening areas
as well as in six of the seven gas-barrier techniques averaged approximately
10 ppm. However, in the clay/vents trench, where the oxygen concentration
averaged 4.3$> the manganese reached k$ ppm. These relationships indicated
that at oxygen concentrations of 17.8$ (i.e. on the experimental screening
area), free manganese does not increase in the soil. However, when the
average oxygen concentration is 4.3$ (i.e. in the clay/vents trench) then
manganese is significantly increased in the soil. Manganese available to
plants is reportedly significantly increased in soils flooded for short
periods of time (117).

Considering the nutrient changes described above, it is apparent that
at oxygen concentration of 17.8$ on the experimental plot, a slight reduc-
tion in the ratio of nitrate to ammonium nitrogen is occurring (Table 8)
compared to the control where the oxygen concentration is 19.7$ and that
when the oxygen concentration reaches U/3$ (in clay/vents trench), oxides
of manganese are also reduced, increasing the free manganese in the soil
(Table 33).

Because the pH of the soil in the clay/vents trench was very low

106



(5.0) the high manganese content may have been toxic to the plants in the
trench and: contributed to their demise. One recommendation to help lower Ithe
availability , of manganese is to lime the feoiij5'thlfeTBy': failing the pH and

f -manganese toxicity'tcTplants."

The effectiveness of each gas-barrier technique in preventing methane
gas migration into the trenches may be evaluated by considering the ratio
between the methane concentrations around the periphery of the trench and
those inside the trench. In the gravel/plastic/vents trench and clay barrier
trench, the ratios are 207:1 and 5̂ :1 respectively, indicating that these
trenches have functioned effectively in keeping out methane gas. On the
other hand, for the clay/vents trench, the 1:1 ratio indicated that this
gas-barrier technique was not effective in preventing the migration of
methane from the refuse into the trench.

No gas measurements were made in the soil̂  jjnmediately adjacent, to either
of the two mounds on the experimental plot. However,,: me thane or elevated

-*w ̂ F̂̂ X̂î  • '•' '
carbon dioxide -levels were never detected in either Jnound. Furthermore, the
average;?earbon. dioxide concentration on the experimental screening area
surrounding- these mounds was six percent indicating that both mounds func-
tioned 1succe"s>sfu'liy?in'':preventing"gas migration.

Interpreting the effectiveness of each gas-barrier technique is not as
straightforward as it may first appear. Despite the previously presented
ratios between gas outside and gas inside the trenches, the concentrations
below the trenches were not measured and may differ from one trench to
another. In addition there is no way to determine if the clay barrier below
the clay/vents trench has remained intact. Although there are not obvious
signs of refuse settlement around this trench, small amounts of settlement
may have split the clay barrier allowing the upward movement of gases into
the soil in the trench. This might explain the high methane and carbon
dioxide in this trench. Future experiments with gas-barrier techniques
should include more than one application of each technique in order to make
adequate assessment of effectiveness in preventing gas migration. In this
study only one replicate of each technique was employed.

Another way of assessing the effectiveness of each barrier technique was
by the growth of the two species in each of these areas. For the same three
techniques which prevented landfill gas from contaminating the soil, analysis
of variance showed growth of American basswood significantly greater (99$>
C.L. ) than the experimental screening area which acted as the control for
the barrier techniques. Because of the large variability in growth responses
of Japanese yew within each technique no significant differences were found
between the techniques and the experimental screening area for this species.
Presumably, the great variability in Japanese yew growth was partially due
to planting only four replicates per technique instead of six as were planted
for American basswood.

Carbon dioxide contamination in the root zone of tomato plants in solu-
tion culture was toxic when the concentration of C02 averaged 17.0$ during
the experimental period. When C02 concentrations averaged 8.8$ or less no
symptoms were observed, indicating that there was a threshold level between
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9 and 17$ at which CC>2 became toxic under these experimental conditions.
Tomato plants exposed to 17$ C(>2 exhibited progressive chlorosis and abscis-
sion of the lover leaves, adventitious root development, swelling of the stem
near the nodes, chlorosis of the entire plant, and a reduction in the growth
rate. Complete symptom development was observed on all plants by the 17th
day of fumigation. Exposing tomato roots to concentrations of C0£ between
25 and 36$ resulted in earlier and more severe symptom development on tomato
plants than did 17$ C02. These higher C02 concentrations caused some of the
plants to wilt after only three days of fumigation, and some plants never
recovered. The other symptoms were fully expressed on all plants given 26
to 27$ CC>2 by the tenth day of fumigation and on plants given 3k to 38$ C02
by the eighth day of fumigation.

These findings are consistent with what is reported in the literature.
Erickson (kU) in 19̂ 6 found that 28$ C02 in the root zone severely reduced
the growth rate of tomato plants. The symptom development observed in this
experiment was also similar to that observed by Erickson on plants exposed
to low 02 and/or high C02 in the root medium. This type of symptom develop-
ment was also reported by Jackson (75) in 19U8 and Kramer (8U) in 1951, on
tomato plants grown in poorly aerated growth media.

No interaction was observed among Og, COg and City when they occurred
together in the root zone in terms of symptom development on tomato plants.
When the C02 was held at 27$, 02 at either 5.-5 or 16$ caused no differences
in symptom development. Plants exposed to 3^ to 38$ C02 alone exhibited the
same symptom development as plants exposed to 3^ to 38$ C02 with U3$

Exposing the roots of tomato plants to U3$ CHi,. for an 8-day period
resulted in no measurable adverse effects, whereas a 12-day exposure resulted
in a decline of the tomato plants concomitant with a decrease in 02 concen-
tration in the culture vessels. This decrease in 02 is believed to be due
to the activity of methane-utilizing microorganisms. Hoeks (70) in 1970 also
reported that exposing soil to high concentrations of CE^ resulted in
eutrophication by the second week of exposure.

Tomato plants are known to be sensitive to poor soil aeration and will
exhibit characteristic symptoms when so exposed (kk, 75 5 8U). These symptoms
include: adventitious root development, swelling of the stem near the nodes,
progressive chlorosis and abscission of the lower leaves, reduction in growth
and an epinastic curvature of the leaf petioles. Such symptoms were dupli-
cated exactly when the 02 concentrations decreased in the cultures fumigated
with U3$ Glfy. However, the plants exposed to high concentrations of C02
exhibited less extensive adventitious root development, less swelling of the
stem and little or no epinastic curvature. Chlorosis often involved the
entire plant rather than just the lower leaves, and in some cases the entire
plant wilted after only a few days of exposure. 'This indicates that C02
may damage tomato plants by means of a mechanism different from that through
which low 02 concentrations in the root zone causes plant damage.

Sugar maple was intolerant of flooding as evidenced by the statistically
significant decrease in transpiration rate after only one day of flooding
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I*8* and the loss of all leaves by the termination of the experiment. Red maple
seedlings were more tolerant of flooding than vere more .tolerant of flooding

?̂T than vere sugar nfaples, .their transpiration rate did not^decrease until the
v . U2nd day of flooding and this decrease was not statistically significant.

The lower half of the leaves on the flooded red maples were chlorotic by the
end of the experiment but this did not influence the stomatal diffusion

*; because the porometer readings were taken only on the uppermost leaves. The
:" fact that red maple is more tolerant of flooding than sugar maple has been
,,, reported in the literature (6l).

•jr. Flood tolerance has been attributed to more than one adaptive mechanism
: in several species (72). The adventitious root development and swelling of
£• lenticels observed on the flooded red maples in this experiment have been
:? found to occur on many other "flood tolerant" species and are believed to
.;. contribute to flood tolerance to some degree. Such morphological adaptations

were not observed on the red maples fumigated with simulated sanitary land-
fill gas mixtures. This is not surprising since adventitious root develop-

,, ment is dependent upon the presence of water and lenticel opening requires
•_. high humidity near the stem. Other adaptations which are believed to con-
£ tribute to flood tolerance which are not as water dependent include the
* ability to withstand elevated levels of CC>2 in the soil (72) and to undergo

anaerobic root respiration without the production of inhibitory concentrations
of ethanol. Mechanisms such as these could explain why the differences be-
tween the two species were more pronounced in their response to flooding than
to soil contamination with simulated landfill gas. The inability to develop
adventitious roots and to permit opening of the lenticels in response to
landfill gas contamination would reduce the advantage enjoyed by flood

.^^ tolerant species, whereas, other mechanisms contributing to flood tolerance
such as the ability to withstand elevated levels of CC>2 in the soil or under-
go anaerobic respiration in the roots which are not inhibited by lack of
water and would continue to supply some protection.

Considering these factors, red maple might be a better choice as a tree
to plant on a completed sanitary landfill than sugar maple. The ability to
withstand flooding might be a good characteristic for a tree to have since
uneven settlement of the refuse can wreak havoc with surface drainage,
creating ephemeral ponds. The greater ability of red maple than sugar maple
to withstand the presence of CC^ and CH^ in the soil was not as dramatic as
the ability to withstand flooding. Being less sensitive to these gases
red maple could develop a more extensive root system giving it a competitive
advantage over sugar maple whose root development would be more likely to be
inhibited by high CC>2 and CJfy in the soil.
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Effect of Vegetation on Landfill Stabilization

by Fred J. Molza and V. Douglas Browning3
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*
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ABSTRACT
Six types of vegetation were established successfully

on lysimeters containing sanitiry landfill materials. The
vegetation grew well with the roots penetrating several
refuse layers within one year. Leachate analysis indicated
that vegetation and evapotranspiration (ET) reduced leachate
volume and increased the rate of refuse decomposition.
This was accompanied by production of a more potent
leachate and a substantial increase in cumulative chemical
oxygen demand. Therefore, this study suggests more
potential ground-water pollution in a shorter period of
time when vegetation is planted on a landfill. The net effect
of ET on the stabilization of any particular landfill will be
the result of a complex interaction involving climate,
vegetation, soil type, cover material, landfill geometry, and
other variables. This makes extrapolation of our results to
a particular field situation rather difficult.

INTRODUCTION
Presently, sanitary landfills are among the

most feasible alternatives for disposing of the
nation's solid waste. According to Vardy (1974),
they will likely remain so at least through 1990.
However, the concept of what a sanitary landfill
should be has changed greatly during the past two
decades and will continue to evolve during the
remainder of this century.

The major environmental problems associated
with landfills derive from leachate production, gas
generation, and vectors (Steiner, et ai, 1971). In
early landfills, which were often simply open dumps,

Respectively, Alumni Associate Professor, Civil
Engineering Department; and Agricultural Engineer, USD A,
ARS, Auburn University Agricultural Experiment Station;
Auburn University, Auburn, Alabama 36830.

Discussion open until May 1, 1978.

Vol. 1 s .Mo rt-GROUNO WATER-November-December 1977

these problems were largely neglected. Presently,
however, landfills are located and/or managed so
that leachate, gas, and vector problems are kept
within reasonable bounds (Giddings, 1977). This
has led to the use of impervious barriers, under-
drains, gas vents, leachate recycling, and leachare
treatment (Salvato, et al., 1971; Pavoni.et ai,
1973; Cook and Force, 1974; Ho, et al.,'l974;
Van Fleet, et al., 1974; Norstedt, et ai, 1975;
Chian and Dewalle, 1976).

The amount of water available for leachate
production can be decreased by removing it from
the landfill directly through evaporation and
transpiration (Mo\z,et al., 1974). Evaporation will
proceed naturally and can help to reduce leachate
volume (Caffrey and Ham, 1974). However, a
dense stand of vegetation must be established to
maximize water removal through transpiration.
Many landfill operators establish vegetation for
aesthetic, erosion control, and other reasons
(Flower, 1976; Lee, etai, 1976). Nevertheless, the
effect of vegetation on refuse decomposition is
largely unknown. In this paper, we examine the
possibility of using vegetation to influence the
stabilization process of a landfill. (By stabilization
process, we mean the process by which a landfill
decomposes and ultimately becomes an inert
material.)

DESCRIPTION OF EXPERIMENTS
To study the effects of vegetation on sanitary

landfills and vice versa, we performed two sets of
experiments. One experiment dealt with problems
related to root growth in sanitary landfill materials
and results are reported elsewhere (Browning, et ai,
1978). The second experiment, reported here, is
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Fig. 1. Diagram showing the manner in which refuse and
cover material were placed in the full-scale lysimeters. The
base of the lysimeter was connected to a drain.

concerned with the effect of evapotranspiration
(ET) on leachate quantity and quality and on
landfill stabilization rate. Three full-scale and three
half-scale lysimeters were constructed, as shown in
Figures 1 and 2. The full-scale lysimeters were
constructed of commercially available concrete
drain pipe. Two six-foot sections were sealed
together with epoxy and rubber strips so that each
lysimeter could be filled with water without
leaking. The half-scale lysimeters were constructed
of stainless steel with one glass wall to aid
observation of root growth. The solid-waste
mixture, whose composition is listed in Table 1,
was weighed out, mixed thoroughly, and placed
in the three half-scale, rectangular lysimeters (Bell,
1964), while a representative sample of municipal
waste from the Auburn sanitary landfill was placed
in the three full-scale, cylindrical lysimeters. The
fill and cover soil was a gray-brown sandy loam

with a pH of 5.9. All six lysimeters were exposed
to the natural climate and constructed so that no
runoff could occur. On the rare occasions when
supplemental watering was necessary, it was applied
equally to each lysimeter.

Leachate quantity and quality were measured
each month on the full-scale lysimeters, which were
equipped with drain systems and placed on a
concrete slab. Samples were taken from each
lysimeter, refrigerated, and analyzed. Leachate
was allowed to drain freely from the half-scale
lysimeters, which were constructed so that gas
could be sampled at any depth. Four sets of gas
samples were taken during the course of the
experiments. All six lysimeters were equipped with
thermistors, so that temperature could be recorded
as a function of depth and time. Leachate quality
measurements included chemical oxygen demand,
total Kjeldahl nitrogen, and total solids. They were
made using Standard Methods (1976).

Because our major objective was to study the
effect of vegetation on refuse decomposition, we
established various types of vegetation on four of

741
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Fig. 2. Side view of a half-scale lysimeter showing the soil
and refuse layers as first placed. After placement consider-
able settlement occurred. One wall of the half-scale
lysimeters was made of glass so that root growth could be
observed.
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Table 1. Physical ConstitiuM.ts of Soiid Materials Used in Half-Scale Experiments
[100 !b (454 Kg) Sample of Municipal Refuse]

Type

Combustibles:
Paper
Garbage
Leaves & Grass
Wood
Synthetics
Cloth

Total

Wet Wt (Ibs)

48.0 (21. 8 Kg)
16.0 (7.3 Kg)
9.0 (4.1 Kg)
2.0 (0.9 Kg)
2.0 (0.9 Kg)
1.0 (0.5 Kg)

78.0 (35.4 Kg)

Dry Wt (Ibs)

35.0 (15.9 Kg)
8.0 (3.6 Kg)
5.0 (2. 3 Kg)
1.5(0.7 Kg)
2. 0(0. 9 Kg)
0.5 (0.2 Kg)

52.0 (23.6 Kg)

Moisture (Ibs)

13.0 (5.9 Kg)
8.0 (3. 6 Kg)
4.0 (1.8 Kg)
0.5 (0.2 Kg)
0.0 (0.0 Kg)
0.5 (0.2 Kg)

26.0(11.8 Kg)

Noncombustibles:
Glass
Metal
Other'

Total

6.0 (2.7 Kg)
8.0 (3.6 Kg)
8.0 (3.6 Kg)

22.0 (10.0 Kg)

6.0 (2.7 Kg)
8.0 (3.6 Kg)
6.0 (2.7 Kg)

20.0 (9.1 Kg)

0.0 (0.0 Kg)
0.0 (0.0 Kg)
2.0 (0.9 Kg)

2.0 (0.9 Kg)

* Ashes, stone, dust, etc.

the six lysimeters. Lysimeter I (Figure 1) was
planted with 3 black locust (Robinia pseudoacacia
L.), 4 brisley locust (Robinia hispida L.), Italian
rye grass (Lolium multiflorum Lam.) and goose-
grass (Eleusine indica L. gaertn). Lysimeter II was
planted with 1 slash pine (Pinus caribaea morelet)
and 1 thorny elaeagnus (Elaeagnus pungens L.).
Lysimeter III was kept devoid of vegetation (fallow)
and used as a control.

For the three half-scale lysimeters (Figure 2),
lysimeter No. 1 was planted with 5 slash pines and
goosegrass, the second kept fallow for control
purposes, and the third planted with 1 thorny
elaeagnus and goosegrass. All lysimeters received
identical amounts of water due to rainfall and a
little supplemental watering during the first few
weeks after planting.

RESULTS OF EXPERIMENTS

All species of selected plants grew reasonably
well. The slash pine thrived throughout the year,
while during the wet seasons, the thorny elaeagnus
yellowed and dropped some of its leaves. The
locust trees seemed healthy but did not grow as
well as six controls planted nearby on the ground
surface. All grasses grew very well and seemed
unaffected by their environments.

Figure 3 shows the type of gas profile to
which the roots in the half-scale lysimeters were
subjected. (Gas samples were not taken from the
full-scale lysimeters.) The oxygen (O2) level was
relatively high down to the first refuse layer,
which was due to diffusion down from the soil
surface because the lysimeter walls were airtight.
Below the first layer, O2 concentrations were low
and CO2 concentrations were relatively high. Very

small amounts (1 percent or less) of a gas were
detected that presumably were methane (CH«).
Nevertheless, pine tree roots penetrated to the
bottom of the half-scale lysimeters within ten
months after planting. This rather high rate of
depth penetration may have been induced by the
lateral confinement of the lysimeter walls.

CtlCtlTIITIM
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Fig. 3. Typical gas profiles measured in one of the vegetated
half-scale lysimeters using a chromatograph. Each point
resulted from one measurement. The respective layers are
labeled "S" for soil and "R" for refuse.
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Fig. 4. Cumulative leachate volume (liters) as a function of
time for the three full-scale lysimeters.

Figure 4 shows the leachate volumes
produced by the three full-scale lysimeters as a
function of time. Leachate flow began during
January 1974, about seven months after the
lysimeters were filled. As expected, fallow
lysimeter III produced the greatest leachate
volume whereas lysimeter I containing the
locust produced an intermediate volume.
Lysimeter II, vegetated with pine and elaeagnus,
produced the minimum. This is consistent with
the fact that the pine and elaeagnus were green
all year and produced relatively heavy foliage,
while the two locust plants dropped their leaves in
the winter, thereby preventing leaf transpiration.

For the vegetated lysimeters, little or no
leachate was produced during the late spring,
summer, and early fall months (Figure 4). For this
period, ET equaled or exceeded the precipitation.
During the late fall, winter, and early spring,
precipitation exceeded ET, the entire soil-refuse
profile reached field capacity, and appreciable
leachate was produced. The leachate production
pattern for the fallow lysimeter was quite different
(Figure 4). Water content of the soil and refuse
increased steadily until field capacity was reached.
Thereafter, leachate was produced at about the
same rate as precipitation less soil evaporation.
Thus, the parts of the vegetated lysimeters affected
by plant roots were subjected annually to a cyclic
wetting and drying, while the fallow lysimeter
reached field capacity and remained in that
condition except for the top 8 cm (3.15 in) of
soil cover.

Figures 5, 6, and 7 show chemical oxygen
demand (COD), total Kjeldahl nitrogen (TKN) and
total solids (TS), respectively, as functions of time
for the full-scale lysimeters. The COD, TKN, and
TS values from the vegetated lysimeters were typical
of values obtained by other investigators. Cook

and Force (1974) obtained a leachate with a COD
of 17,500 mg/1 (ppm) and a TKN of 220 mg/1
(ppm), while Boyle and Ham (1974) obtained a
leachate from the City of Madison (Wisconsin)
Refuse Reduction Demonstration Project with a
COD of about 11,000 mg/1 (ppm). The COD
obtained from fallow lysimeter III was somewhat
low, but the TKN and TS were typical. The most

Fig. 5. Chemical oxygen demand (grams/liter) as a function
of time for the three full-scale lysimeters. The dashed lines
indicate periods of zero leachate production or missing data.

Fig. 6. Total Kjeldahl nitrogen (grams/liter) as a function of
time for the three full-scale lysimeters. The dashed lines
indicate periods of zero leachate production or missing
data.

Fig. 7. Total solids (grams/liter) as a function of time for
the three full-scale lysimeters. The dashed lines indicate
periods of zero leachate production or missing data
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Fig. 8. Cumulative chemical oxygen demand (kilograms) as
a function of time for the three full-scale lysimeters.

remarkable aspect of the three figures is the distinct
difference between the vegetated and unvegetated
lysimeters. For every leachate quality measure,
fallow lysimeter III produced a less potent
leachate. Also, the COD, TKN, and TS for lysimeter
III tended to decrease steadily with time, while
the vegetated lysimeters produced more COD,
TKN, and TS during the cold and wet season
when precipitation exceeded ET. This is
somewhat similar to the result noted by Rovers
and Farquhar (1973).

During the study period, the decrease in
leachate volume for vegetated lysimeters I and
II (Figure 4) was not sufficient to compensate for
the increased leachate potency indicated in Figures
5, 6, and 7. For COD, the net result of these two
effects is shown in Figure 8, which presents a plot
of cumulative chemical oxygen demand (CCOD) as
a function of time. Over the 800-day leachate-
production period, the vegetated lysimeters
produced more total COD even though they had
lower volumes of leachate.

DISCUSSION
Generally, a more rapid rate of refuse decom-

position produces a more potent leachate as
reflected by COD, TKN, TS and other quality

measures (Caffrey and Ham, 1974). Therefore, the
results shown in Figures 5 through 8 seem to
indicate that the refuse in the vegetated lysimeters
was decomposing more rapidly than that in the
fallow lysimeter. In order to test this hypothesis
as directly as possible, we dismantled the half-
scale lysimeters during November 1975 to deter-
mine the dry weight of the partly decomposed
refuse in the several layers. This measurement was
meaningful since each half-scale lysimeter had been
filled with identical types and volumes of solid-
waste mixtures (Table 1).

Results of our dry weight measurements,
made 33 months after the solid waste had been
covered, are shown in Table 2. Undoubtedly, refuse
in the fallow half-scale lysimeter was decomposing
more slowly than that in the vegetated half-scale
lysimeters. In the fallow lysimeter, ferrous metals
were much less rusted and newspapers could be
read easily. Corresponding material in the
vegetated lysimeters was highly decomposed.
Thus, the cyclic wetting and drying, to which the
upper portions of the vegetated lysimeters were
subjected, was more conducive to refuse decom-
position than was the static, field capacity condi-
tion of the fallow lysimeters.

With the half-scale lysimeters, the whole
profile was dried substantially by ET during the
late spring, summer and early fall months. This
would result in much more 02 diffusing to the
refuse layers from the soil surface. At least during
these seasons, the refuse would be undergoing
appreciable amounts of aerobic decomposition
(Caffrey and Ham, 1974; Rovers and Farquhar,
1973). The increased decomposition rate, due to
partial aerobic conditions, most likely explains a
large part of the decreased dry weight shown in
Table 2.

For the full-scale lysimeters, increased O2

would not be expected to have as large an effect
on the increased mass and depth of refuse. When
we dismantled lysimeter II, containing the pine
and elaeagnus, in November, 1976, we found
relatively little root growth at the lower levels,
and many of these roots seemed to have recently
died. [This might have indicated that roots

Table 2. Dry Weight of Refuse Remaining in the Top Two Layers
of the Half-Scale Experiments After 33 Months'

Lysimeter Layer 1 Layer 2

No. 1 (Pine)
No. 2 (Fallow)
No. 3 (Elaeagnus)

28.94 Ibs (13.13 Kg)
77.38 Ibs (35.10 Kg)
35.50 Ibs (16.10 Kg)

53.60 Ibs (24.31 Kg)
35.75 Ibs (16.22 Kg)

* The initial weight per layer was 108 Ibs (49 Kg).



advanced during favorable (dry) conditions and
died back during unfavorable (wet, more
anaerobic) conditions in a yearly cycle.] Thus, a
smaller fraction of the refuse in the full-scale
lysimeters would be supplied with increased O2 as
compared with that in the half-scale lysimeters.
This was consistent with visual observations of the
refuse layers in lysimeter II. Only the top layer
seemed relatively decomposed. Because the products
of oxidation are relatively mild, aerobic decomposi-
tion alone would not be expected to produce a more
potent leachate as indicated in Figures 5, 6 and
7. Thus, even though the dry weight measurements
made on the half-scale lysimeters and the leachate
quality measurements made on the full-scale
lysimeters both indicate more rapid refuse decom-
position under vegetated conditions, a more
detailed thought analysis suggests that there is at
least a possibility that different decomposition
processes were operating in the two cases.

As pointed out by Caffrey and Ham (1974),
the optimum water content for producing a high
rate of anaerobic decomposition ranges from 60
percent of dry weight to complete saturation. The
presence of vegetation may have induced a water
content distribution more conducive to anaerobic
activity in at least a portion of the full-scale
lysimeters. This, and possible synergistic inter-
actions between aerobic and anaerobic activity,
could explain the increased production of COD by
the vegetated lysimeters noted in Figure 8.
However, more research is needed to be certain of
the explanation.

SUMMARY AND CONCLUSIONS
Several types of vegetation, including black

locust, brisley locust, slash pine, thorny elaeagnus,
Italian rye, and goosegrass were established
successfully on lysimeters containing sanitary
landfill materials. The vegetation grew well,
especially the pine, even though the decomposition
in the lower two-thirds of the lysimeters became
mildly anaerobic. Within ten months of planting,
the pine roots had penetrated to the bottom of
the six-foot (1.83 M) half-scale lysimeters. When
the full-scale lysimeters were dismantled, pine
roots were found at the 12-foot (3.66 M) level
that had died recently. From this, we inferred
that pine roots penetrated the full depth during
dry periods, but then died back during wet periods
when the soil and refuse was at field capacity or
saturated and more anaerobic conditions existed.

From measurements made on the full-scale
lysimeters, we concluded that the early effect of

vegetation and ET was to reduce leachate volume
considerably and to increase the rate of refuse
decomposition. This was accompanied by
production of a more potent leachate and a
substantial, short-term increase in net pollution.
Except for the reduction of leachate volume,
further study is needed to extrapolate our results to
a field situation with certainty, even qualitatively.
For example, anaerobic activity, when it developed,
appeared to be relatively mild in our experiments
as compared to field situations (Flower, personal
communication). The net effect of ET on the
stabilization of any particular landfill will be the
result of a complex interaction between climate,
vegetation, soil types, cover material, landfill
geometry, and other variables. However, the effect
of growing selected vegetation on landfills is
substantial and, therefore, this practice is potentially
useful as a landfill management tool.
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Objectives of NWWA

The objectives of this association shall be: to

assist, promote, encourage, and support the in-

terests and welfare of the water well industry in all

of its phases; to foster, aid and promote scientific

education, standards, research, and techniques in

order to improve methods of well construction

and development, and to advance the science of

ground-water hydrology; to promote harmony and

cooperation between well contractors and scientific

agencies relative to the proper development and

protection of underground - water supplies; to

encourage cooperation of all interested groups

relative to the improvement of drilling and pumping

equipment; to encourage, serve, assist and promote

closer cooperation among the existing State water

well contractors' associations and to foster the

development of such associations in States where

they do not exist; to collect, analyze, and dissem-

inate to the public facts about the role of the water

well industry in the economy of the nation; and to

advance generally the mutual interests of all those

engaged in the water well industry, in their own

and the public welfare.
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Modelling the mechanism of wind-induced damage on Scots pine

Heli Peltola

Background to the study. The frequency of strong winds has increased since the early 1960s
especially during unfrozen soil conditions in Finland. This is assumed to be related to changing
climatic conditions. At the same time, the structure of the forest ecosystem has become more prone
to wind damage; e.g. because of increasing thinning intensities and the preference given to clear
felling. This structural change in the forest ecosystem, combined with the increasing frequency of
strong winds, especially during those months of the year when the soil is unfrozen, could
substantially increase timber losses in the future. Furthermore, the more humid and warmer weather
pattern expected in the future is also expected to increase the risk of windthrow for treesbecause of
reduced soil freezing, which until now has enhanced trees' anchorage from late autumn up to the
early spring, during the most windy months of the year. In this context, this subproject was aimed at
studying the mechanism of wind induced damage on Scots pine (Pinus sylvestris L.), i.e. by
developing (i) a simulation model for the mechanism of windthrow and stem breakage of Scots pines
in stand edge conditions (for static wind load), by studying (ii) tree swaying as caused bydynamic
wind loading in field conditions, by studying (iii) the risk of windthrow for Scots pine in terms of the
turning moment caused by dynamic wind loads along the margins of clear-felled areas using a model
approach, and by outlining (iv) the implications of the occurrence of soil frost and its depth in forest
soils, as modified by the warming climate, and consequent increase of the risk of windthrows due to
changes in tree anchorage.

Material and methods. Within the scope of this subproject, a mechanistic model for wind damage
of Scots pine was developed in orderto fully describe the mechanistic behaviour of trees exposed to
wind loading. The model developed was aimed at determining the windspeed required to uproot
single trees or to break tree stems. The model is theoretical and based on the physical properties of
trees and vertical wind profiles along stand edges (Peltola and Kellomaki 1993. Peltola 1995).

Tree swaying caused by dynamic wind loading was also studied along the edge of a stand of Scots
pine as well as within the stand by means of two field experiments ( Peltola et al. 1993. Peltola 1995.
1996a). Wind and tree swaying measurements (i.e. mean wind profiles and stem displacement
measurements) made along the edge of a stand of Scots pine ( Peltola et al. 1993) were used
especially in validating the simulation model thus developed ( Peltola and Kellomaki 1993). Wind
and tree swaying measurements conducted both along the stand edge and a distance of two tree
heights into a stand of Scots pine, before and after the first thinning (2700 and 1500 stems per ha),
concentrated on the relationship between windspeed and the resulting stem displacement using
spectral analysis technique ( Peltola 1995. 1996a).

This subproject also involved model computations in order to evaluate the risk of windthrow of
Scots pine along the margins of clearfelled areas by evaluating this risk in terms of the turning
moment arising from the dynamic wind load (Peltola 1995. I996b). The turbulent wind field across
the forest clearing and within the stands at the clearing margins was simulated using a
two-dimensional model developed elsewhere (see Peltola I996b).

Furthermore, the impacts of frost decrease in forest soils on the risk of windthrow was also evaluated
in a stand of Scots pine bothin southern Finland (Helsinki region) and in northern Finland
(Rovaniemi region), respectively (Peltola et al. 1996a). Soil frost was simulated using the FinnFor

http://alphal .joensuu.fi/~hstrand/silmu/juttu7.html 5/7/98
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model developed by Kellomaki et al. (1993) and it was compared to current windspeed statistics
available for the period 1961-1990. In frost simulations, the present mean annual temperature was
assumed to increase by 2-4oC.

Results. In a tree swaying study (Peltola 1995, 1996a). it was found that nearly equal wind energy
transfer and damping of the system occurs between the two stand densities studied. However, a clear
difference was observed between trees located along the stand edge and those located within the
stand. This means that trees growing along the stand edge (and especially along a newly cut edge) are
more liable to wind loading than trees within the stand. On the other hand, with respect to the stand
densities studied, neither were trees along the stand edge very likely to be damaged.

According to computations made using a mechanistic wind damage model developed within this
subproject by Peltola and Kellomaki (1993), the windspeed required to blow down a tree or break the
stem of a tree located along the stand edge decreased if the height to diameter ratio or the crown to
stem weight ratio of the trees increased (as well as when the tree size increased ). The windspeed
required to uproot a tree was much smaller than that required to cause the stem to break. On the other
hand, even windspeeds of 12-14 ms-1 were found to be strong enough to uproot Scots pines (slender
individuals ) located along the stand edge (Peltola and Kellomaki 1993).

In addition, based on the model computations by Peltola (1995. 1996b), stand density and height
were found to affect mostly the windspeed and turning moment on trees located along the stand edge,
i.e. it decreased as stand density increased and increased as stand height increased. Thus, the risk of
uprooting increases also sharply with increasing tree height and the differences between various
stand densities increases also along with height increase. On the other hand, the difference in
windspeed between various clearings of different sizes (0.04-4.0 ha) was only some percent for the
same stand height and stand density along the stand edge. However, the turning moment decreased
quite substantially when the distance from the stand edge increased, and the decrease was greatest at
the dense margin and within the distance of one tree height from the edge into the stand (30%).
According to the results obtained in this study (Peltola 1995. 1996b). the risk of uprooting might be
even greater for trees at the margins of smaller clearings, because of the much greater length of
perimeter at risk.

Until now, frozen soil has increased trees' anchorage during the time of year usually characterised by
strong winds, i.e. from late autumn to early spring. In the future, especially in southern Finland, the
duration of soil frost may decrease from 4-5 months down to 2-3 months, if 2-4oC is added to the
present mean annual temperature (Peltola et al. 1996a). Furthermore, it seems that the number of
days when the soil is frozen may decrease substantially more in the deeper soil layers (40-60 cm)
than near the ground surface (0-20 cm), especially in southern Finland. Similarly, in northern
Finland, the number of months when the soil is frozen may decrease from 5-6 months down to 4-5
months (Fig. 9). In northern Finland, the same kind of dramatic change in the number of days when
the soil is frozen as in southern Finland is not evident, not even in deeper soil layers. On the whole,
the improved stability of forest trees from late autumn to early spring due to soil frost may
substantially decrease in the future, thereby evidently increasing the risk of windthrow. This is
because the number of strong winds during in unfrozen soil conditions seems to substantially
increase. Nowadays, up to 45 % of the strong winds occur during months when the soil is frozen (i.e.
>15 days per month when soil frost occurs in soil layers of 0-40 cm) in southern Finland, whereas in
the future this percentage is expected to be only ca. 20 %. In northern Finland, the corresponding
percentage of days today is 60 %, and in the future 50 %.
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Discussion of results. A more humid and warmer weather pattern than today can make Scots pines
(as well as other tree species), and especially in southern Finland, far more liable to windthrow
during winter and spring storms than is the case nowadays because of a substantial decrease in soil
frost and thus of weakening of the anchorage to the soil of trees. This risk will be even more evident
especially if the air temperature during winter months increases by as much as 6-8oC, as has been
suggested, thereby further decreasing the occurrence of soil frost. Furthermore, changing climate may
also increase the frequency (as well as intensity) of storm activity in northern latitudes and increase
the risk of wind-induced damage even more than can be expected based on the current wind climate.

In the future, the mechanistic wind damage model( Peltola and Kcllomaki 1993, Peltola 1995.
Peltolaet al. 1996b) developed within this subproject can, for example, be used to study how
thinning intensity and its timing affect critical windspeeds under various stand conditions. The model
will also be applicable to tree species other than Scots pine (e.g. Norway spruce and birch species)
with different tree, stand and site characteristics applying to trees located along the stand edge as
well as within the stand, through the modification of the controlling equations and parameters.In
addition to wind loading, the model can also be used to determine the snow load required to damage
single trees. The model will be validated by tree pullings (static force) made mostly in the autumn of
1995 and windspeed profile and tree swaying measurements from the years 1991-1996.

I30

§25

515
T3

E 5

ou

oc

on

1C

10

n L ,

B

k

1 rl ll L 1

1 2 3 4 5 6 7 8 3 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

...._. 30

25

20

15

s n n
g25 ;

o : i
• ! i

"OIQ . ! . '

1 ! *
| 5 . • :

"" n - i .:

! rf

i ' i ! ilili i i i in J

C

ll t lD

1 2 3 4 5 6 7 8 3 10 11 12
Month

1 2 3 4 5 6 7 8 9 10 11 12
Month

Soil layers
D 0-20 cm El 20-40 cm • 40-60 cm

Fig. 9. Number of days with frozen soil conditions at Helsinki for various soil layers for [A]
current temperature conditions (1960-1990), [B] when temperature has elevated +4 degrees,
and [C] and [D] at Rovaniemi, respectively.

http://alphal.joensuu.fi/~hstrand/silmu/juttu7.html 5/7/98





ftPR 10 '98 09:07flM LINDP) HflLL LIBRARY
P.8

ito tr^eriai may b~j protect by
o- ;yylJht law (TRio 'I?, U.S. Coos)

', D. A. ROSE AND }. BOLTON

arked as leaching goes on. Soil moisture
•ful for identifying soils in which nitrate is most
,it which affects only the upper layers of t
smaller effect on leaching, but the long-term
r or loss of soil structure could have appreciable
;over more than half the nitrogen they receive,
a quoted by Cooke (1976) suggest that about
>e leached and become a potential pollutant-la
s spent £160M on nitrogen fertilisers, so, from
.tural stand points, even fairly small changer in
ared. I./V,)

. , ,j'i:
.noweagements •;£.'

iJ*̂ ,

. Croft for rainfall and drainage measurements;
;es. G. J. Smith for J<C1 counting and to die
. for computing facilities, also A. J. Thomasson
i re characteristic profile. -v,~

HE>EkENCES .;..

puter model for leaching in structured soils. J. Soil So.

?. A.. NEWMAN, A. C. D., RAYNER, J. H.. and WETRJ
Rothanmed exp. Stn. Report for 1971, Ptn 2, S-37;

•d water quality, pp. J-S7. A review of the efTeca of:
tition and quality of surface and underground watwi;
lo. 32. London H.M.S.O.
A, P. J. 1976. Mau transfer studies in soibiag
eriion. Sofl Sci. Soc. Amer. J. 40, 473-80.
'lhamsted Experiments. 2nd ed, London: John Mi

of the 'Auto-analysei' in routine water analy

VR1NGTON, R. 1881. On the amount and compoatloL
lected at Rothamsted. Jl. R. agric. Soc. 17 (2nd lerfcij

md composition of drainage through unmanuted. I
sted. I. a»ric. Sci., Camb. 1, 377-99.'
ic dispersion in aggregated media. 1. Theory. Sofl•!

3UISENBERRY, V. L. 1978. Characterisation of i
Jitomatographic theory. J. Soil Sci. 29, 32-7.

•d 18 November 1977)

SHRINKAGE IN CLAYEY SUBSOILS OF CONTRASTING
STRUCTURE

M. J. REEVE and D. G. M. HALL

(Soil Survey of England and Wtlet. Shardlow Hall. Shardlow. Derby DE7 2GX)

Summary
Shrinkage was measured on subsoil samples from two clayey alluvial soils 01'

contrasting structural development and two boulder clay soils also of conuasiing
structure. Of the four phases of shrinkage recognized, the proportion ot" shrinkage
attributable to the structural shrinkage phase is shown to be dependent on slructuml
development and organic carbon levels in the subsoil. The importance a( structural
shrinkage to the maintenance ot'good structure in clay soils under intensive cultivation is
bnelly discussed.

Introduction.

S U M M E R shrinkage and subsequent winter swelling in fine-textured soils is a
perennial process, the magnitude of which varies according to soil-type,.land use
ind annual climate. Lateral shrinkage, causing cracking in clay soils, is not only
important for water entry and movement (Blake era/., 1973; Ritchie and Adams,
1974), and structural development (White, 1966) and regeneration, but in severe
cases, can affect the stability of buildings and pavements (McCormack and Wilding.
1975).

The earliest work on soil shrinkage was by Tempany (1917) and Haines (1923)
who studied blocks moulded from soil paste. Haines distinguished these main
phases: normal, residual and no shrinkage. The first occurs when the change in soil
volume equals that of water lost, and residual shrinkage occurs when air enters and
reduction in soil volume is less than volume of water lost.

Later work by Lauritzen and Stewart (1941) and Lauritzen (1948) was with
natural soil clods where shrinkage was seen to be different from the simple pattern
observed by Haines. Lauritzen and Stewart, comparing shrinkage with water
retention data, noted that wilting point corresponded to a maximum ratio of
volume-change to water loss.

Stirk (1954) defined a fourth phase of shrinkage from experiments with natural
clods. Termed structural shrinkage, it has similar characteristics to residual
shrinkage (i.e. water loss greater than volume change) but occurs at the wet end of
the moisture range and is associated with removal of water from coarse pores.

In the two very dry summers of 1975 and 1976, many British soils shrank
"Urkedly, and many samples were taken to study the shrinkage characteristics of
different soils. The shrinkage characteristics discussed here were chosen to
investigate shrinkage mechanisms under different structural conditions.

Materials and methods
Soils and sampling

Two pairs of soil series were chosen. In each pair, the soils had similar particle
«rze distributions, bulk density and clay mineralogy class (Avery and Bullock, 1977)

Journal of Soil Science, 1978, 29, 315-323



lid '38 09^bHH LINDH HALL LIBRARY

316 M. J. REEVE AND D. G. M. HALL

throughout their profiles (Table 1), but they differed in degree of structural
development in the immediate subsoil. In all four soils, the profile sampled was near
the central concept of that soil series.

The Fladbury and Wyre series are both clayey alluvia] soils: the former is
classified (Avery, 1973) as a pelo-alluvial gley soil and has an horizon assemblage of
A, Bg, BCg while the Wyre series is a gleyic brown alluvial soil with A, Bw, Bg, BCg
horizons. Both samples were from arable land on alluvium of the River Nene in
West Northamptonshire and are described by Reeve (n.d.) The second pair of soils
consisted of profiles of the Ragdale and Faulkbourne series (Reeve, n.d.), both
sampled on Chalky Boulder Clay under arable land in West Northamptonshire. The
Ragdale series is a pelo-stagnogley soil with A, Bg and BCg horizons, and the
Faulkbourne is a typical argillic pelosol with A, Bw, Btg and BCg horizons.

The Bg (or Btg) and BCg horizons in all soils generally had prismatic and coarse
blocky structures but the Bw horizons in the Wyre and Faulkbourne series had >
fine angular blocky structure. Hence, both of these soils can be considered as having
a well-developed structure for a clay soil, the Wyre series contrasting with the
poorly structured Fladbury series and the Faulkbourne with the poorly-structured
Ragdale series.

Sampling was undertaken during early spring when the soils were at or very near
to field capacity and fully expanded. Winter sampling was avoided as clays can take
two to three months to swell fully after a return to field capacity (Smith, 1973). A
pit was dug, the soil profile described to 1 m (Hodgson, 1974), and large clods of
soil were taken from each main subsoil horizon. Bulk samples were taken for
particle size analysis and clay mineralogy, and cylindrical cores for moisture release
and density measurements.

Laboratory methods

Three replicate clods of 100-200 g(50-120 cm1) were prepared from the large
field clods from each main horizon and rewetted on saturated foam to make up for
any slight moisture loss during transport to the laboratory- They were then
suspended in a cradle of cotton and coated with a 1:5 solution of 'Saran' resin in
butanone according to the method of Brasher et ai. (1966). The Saran coating
allows the passage of water vapour during drying and maintains close contact with
the clod during shrinkage, but acts as a barrier to liquid water when the volume of
the clod is determined by water immersion. The clods were then hung to dry and
the mass and volume determined at frequent intervals. When the volume lost
between weighings became negligible, the clods were dried at 105°C and
re-weighed.

Moisture retention measurements were made on triplicate 222 cm3 cylindrical
cores from each horizon. Samples were equilibrated at 0.05, 0.1 and 0.4 bar suction
on sand and kaolin tension tables, and at 2 and 15 bar on a pressure membrane
apparatus. The method is described by Hall et ai (1977).

Curves relating volume change to water loss were drawn, and water retention
values from the cores were related to them, using water content at zero suction as
the starting point for the curves. Replicate clod samples from any one horizon
generally gave parallel and nearly coincident curves. A typical range in total
shrinkage obtained from triplicate samples was 40 ± 1%.

Organic carbon was determined by Tinsley's (1950) wet digestion method and
expressed as per cent of oven-dried soil. Particle size distribution was determined by
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the pipette method (Avery and Bascomb, 1974) after pre-treatment with hydrogen
peroxide to remove organic matter, and dispersion overnight with sodium
hexametaphosphate (Calgon). Cation exchange capacity was determined by the
method of Bascomb (in Avery and Bascomb. 1974) on <2 tan peroxidized clay
separates.

Results and Discussion
Figs 1 and 2 relate volume to moisture content for each of the horizons studied.

The volume reduction is expressed as a percentage of that at saturation and
moisture content as a percentage of oven-dry mass. The 'zero air voids' line shows
the hypothetical relationship of shrinkage to water content if air does not enter the
clod, and the vertical distance between the two lines at any point is a measure of aii
entry. Shrinkage phases have also been added using the limits defined by Stirk
(1954), Le. normal shrinkage if the ratio of volume change to water loss is greater
than 0.9, residual and structural shrinkage if the volume change ratio is 0.05 to
0.9 and no shrinkage if the ratio is less than 0.05.

The main difference between the two sets of samples is in the total amount of
shrinkage and the moisture range over which it occurs. In the Faulkbourne and
Ragdale samples total volume reduction is 20-25 per cent occurring over i ..
moisture content range of about 25 per cent. In contrast, the Wyre and Fladbury ]
samples lose 35 to 43 per cent of their initial volume over a moisture content range
of about 50 per cent. These basic differences can be related to clay content, clay
mineralogy and initial density and will be discussed in a later paper, but the
relationship of the different shrinkage phases will be discussed here.

In all the samples, the three phases of no shrinkage, residual shrinkage and
normal shrinkage are present; the dominance of this last phase, although often
associated with slight air entry, docs not confirm Lauritzen's (1948) findings thai
the term 'normal shrinkage' hardly applies to clods. The recognition of a structural
shrinkage phase depends on the relationship of clod size to the size of structural
aggregates. Clods of 50-120 cm1 from horizons with coarse structure size were
invariably from within a structural aggregate, while those from finely-structured
horizons included many structural aggregates and fissures. Hence it is not surprising
thai structural shrinkage is especially evident in those horizons (viz. Faulkboume
and Wyre Bw) in which the ped size is fine and the degree of structural
development moderate to strong. The Ragdale sample, for which a structural
shrinkage phase cannot be recognized, had a weakly developed coarse structure.
These results merely confirm the usefulness of Stirk's term and the suitability of
the name chosen for that phase of shrinkage.

Within each set of samples, the moisture range over which structural shrinkage
occurs increases with increasing degree of structural development, and curtails the
phase of normal shrinkage. However, in each case the greater volume change ratio
of the normal phase is reached before a moisture suction of 15 bar is attained, and
in the poorly structured samples (viz. Fladbury and Ragdale Bg horizons) at much
smaller suctions.

In Fig. 3, structure is expressed as a score. A score of one, two or three was given
respectively for weak, moderate or strong degree of development and a further
score of one, two or three for coarse, medium or fine structure size. Hence total
scores ranging from 3 to 6 were arrived at and plotted against total structural
shrinkage (measured along the volume reduction axis) expressed as a percentage of
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total shrinkage. The plot confirms the importance of macro-structure in the initial
shrinkage phase.

As day content, day mineralogy and bulk density arc similar within die two sets
of samples, the volume of air entering during structural shrinkage must be either
related to unqualified chemical differences or to organic carbon content or visible
macro-structure, These two variables are partly interdependent as larger organic
carbon contents often accompany well structured subsoils. Fig. 4 does indicate a
relationship between organic carbon content and total air entry during structural
shrinkage. It may be that the organic carbon helps to stiffen the soil fabric, thereby
allowing fissuring and air entry at larger moisture contents as noted by Newman
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ind Perrins (1977) when working with small aggregates. However, the Faulkboume
and Ragdale soils appear to lie on a different line to that of the Radbury and Wyre
samples, indicating that clay content, mineralogy or initial density cannot be
ignored when considering the reasons for air entry.

When soil cracks in the field, structural shrinkage must affect plant growth and
cultivations. Except in very dry summers, subsoils in Britain seldom lose water
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beyond 15 bar suction and often little above 2 bar suction. If shrinkage was normal
over the field range of suction, contraction of the soil would be almost entirely by
the shrinkage of individual peds and the formation of inter-ped cracks, the spacing
of which would be related to the size of structural aggregates, and the width partly
to this spacing and partly to the degree of drying. Contraction 01" a pea would
reduce internal pore sizes, hinder root penetration, and rapidly increase ped density
needing more power for subsoil cultivations. However, a soil with good structure
and hence significant structural shrinkage would allow more air to enter during
drying, maintaining a more favourable pore-size distribution, and would have a
slower rate of density increase. After very dry summers such as 1976, the
subsequent re-wetting in autumn could also be expected to proceed mor:
efficiently in the better structured soils with i more evenly distributed air-filled
porosity.

It is for these reasons among others iha; clay soils having good structural quality
due to their parent material, position in the landscape, developmental history or
water regime, are able to keep it under intensive cultivation while poorly structured
soils deteriorate. Drying, in the former, is a reconditioning process, whereas in the
latter it is mainly a cyclical process with negligible benefit.
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THE EFFECT OF SOIL COMPOSITION AND
ENVIRONMENTAL FACTORS ON THE SHRINKAGE OF

SOME CLAYEY BRITISH SOILS

M. I. REEVE, D. G. M. HALL and P. BULLOCK'

(Soil Survey of England and Wales. Shardlo* Hall. Shardlotv, Derby, DE7 2GN)

Summary
The shrinkage potential of natural clods from a variety of clayey soils was measured

and related to their physical, chemical and mineralogical properties. It is shown that the
most important factors affecting shrinkage are initial bulk density, clay content, organic
carbon concent and cation exchange capacity of the peroxidised clay, and mica-smectite
concent on a whole soil basis. Multiple regression equations involving the initial bulk
density, clay content, organic carbon and cation exchange capacity accounted for 37 and
82 per cent of the variation in total shrinkage of topsails and subsoils respectively.

Because of restrictions on shrinkage imposed by factors such as climate, crops.
ground-water and moisture release characteristics of soils, soils with a high shrinkage
potential may not behave very differently to soils with a much lower potential. On these
grounds it is concluded that the shrinkage criteria used in US Taxonomy are not
applicable in Britain.

Introduction
SUMMER cracking resulting from shrinkage on drying occurs to some extent
in most soils but it is most recognisable in the field in fine textured soils. The
magnitude of cracking varies according to soil type and soil moisture deficit,
but in extreme years can involve surface cracks 5 cm across and 1 m deep.

The formation of shrinkage cracks is important not only for structural
development (White, 1966) and regeneration (Reeve and Hall, 1978) but
also aids infiltration of water in summer when the cracks are open and in
winter as long as the cracks remain open (Blake et al., 1973; Ritchie and
Adams, 1974). Soils with large shrink-swell potential are of particular
importance to civil engineers because of the problems they can cause to
engineering structures.

In the USDA system of soil classification, soils that crack are placed in the
Vertisol order or in vertic subgroups of other orders according to whether
shrink-swell is the dominant or subordinate process (Soil Survey Staff,
1975). Although in a temperate climate soil shrinkage is unlikely to occur to
the magnitude and frequency required for Vertisols (resulting in features
such as giigai), many soils have a high shrinkage potential. The classification
introduced for use by the Soil Survey of England and Wales (Avery, 1973)
proposed shrinkage and cracking criteria for separating a 'pelosol' group and

'Soil Survey of England and Wales. Rothamsted Experimental Station. Harpenden. Herts,
AL32JQ

Journal of SoU Science. 1980, 31. 429-442

it



P. 13

430 M. J. REEVE. D. G. M. HALL and P. BULLOCK

*pelo' subgroups, but the criteria are less restrictive in terms of cracking,
thickness of the clay layer and potential linear extensibility (Soil Survey
Staff, 1975) than those for Vertisols and vertic subgroups.

The present study was undertaken because of the lack of information
about the shrinkage potential of field soils in Britain. It has a threefold aim
(i) to compare the shrinkage potential of different clayey soil series using
natural soil clods; (ii) to determine the relationships between shrinkage and
selected physical, chemical and mineralogical properties of the soils; and (in)
to determine whether criteria used in the Avery (1973) classification can be
improved and to investigate the extent to which shrinkage criteria in the
U.S.DA. Soil Taxonomy are applicable to British conditions.

The soils
Nineteen soil profiles from fourteen commonly occurring clayey soil series

were sampled (Table 1). Most were from pits dug to characterise soil series
as pan of the current or recently completed soil mapping; several were from
the Long Buckby area in Northamptonshire (Reeve, 1978). Within these
limits the soils were chosen to provide a range of clay mineralogy. The
preponderance of smectite, micaceous and mixed mineralogy classes
conforms with what is known nationally about the mineralogy of clayey soils
(Avery and Bullock, 1977).

Sampling and analytical methods
Most samples were taken during the early spring when the soils were at or

very near field capacity. Early winter sampling was avoided because clayey
soils may take two or three months to swell fully after a return to field
capacity (Smith, 1973).

A selection of clods was taken from each main horizon of the profiles.
Bulk samples for Atterberg limits, particle size and clay mineralogical
analyses, and cylindrical cores for moisture release measurements were also
taken.

Replicated clods of 100-200 g (50-120 cm3) from each horizon were
prepared by random division of the larger field clods. These were re-wetted
within a few days on saturated foam to restore any small amount of moisture
lost during transport to the laboratory and then placed on a 0.05 bar tension
table for two or three hours to drain the coarsest pores (>60 fim e.s.d.).
They were then suspended in a cradle of thread and coated with a 1:5 (w/w)
solution of 'Saran' resin and butanone according to the method of Brasher et
al. (1966). The Saran coating allows the passage of water vapour during
drying and maintains close contact with the clod during shrinkage but acts
as a barrier to liquid water when the volume of the clod is determined by
displacement of water. After coating, the clods were suspended and allowed
to dry. Measurements of mass and volume were made periodically, usually
daily over the moist end of the shrinkage curve, decreasing to weekly as the
clods dried. When the volume lost between weighings became negligible, the
clods were oven-dried at 105°C and re-weighed.

For comparison with shrinkage criteria used in the United States, the
indices 'coefficient of linear extensibility' (COLE) (Grossman et al., 1968)
and 'potential linear extensibility* (PLE) were calculated. The former can be
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calculated from the equation

COLE = (V033/Vd)'/' - 1

where VOJ3 is the volume of clod at i bar tension (in this case interpolated
from graphs between the volumes at 0.1 and 0.4 bar) and V4 is the volume of
the clod when air dry. The COLE values obtained in this study may be
slightly larger than those obtained from clods coated when air dry
(Grossman et at., 1968) as there is evidence (Tunny, 1970) that the Saran
coating can restrict swelling of dry clods.

Whereas COLE is an index of horizon shrinkage, PLE represents the
integration of COLE values for the upper 1m of the profile:

PLE(cm) = (COLE,)(H,) + (OOLEj)(Hj) + (COLEj)(Hj)...

where COLE, are COLE values for successive horizons from the surface to
1 m depth and Hn are the thicknesses of those horizons in centimetres.

Triplicate 222 cm3 cores for moisture retention measurements were
equilibrated on 0.05, 0.10 and 0.40 bar sand tension tables and at 15 bar on
a pressure membrane apparatus (Hall et a/., 1977). Curves relating water
loss to volume change were drawn, and 0.05 and 15 bar water retention
values related to them. Replicate clods generally gave parallel and nearly
co-incident shrinkage curves (Fig. 1) which were averaged for the results
shown in Table 2 and for the correlations.

Atterberg limits were determined by the methods in BS1377 (BSI, 1975)
on moist untreated soil, any small stones or roots being removed by hand
during preparation of. the sample.

Organic carbon was determined by Tinsley's (1950) wet digestion method
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TABLE 2
Shrinkage results for the nineteen soil profiles
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48-66

0-20
20-46
46-94

0-20
34-54
54-78

0-25
25-39

(discon tinuous)
25/39-85

0-11
11^42
42-80

0-13
13-53
53-100

0-25
25-50
50-100

0-27
27-55
55-120+

0-21
21-59
59-120

0-23
23-47
47-91/104

91/104-120

0-29
29-43
64-89

0.05 bar
-air dry

21
14
16

21
16
14

17
20
23

19
21
18

14
12
11

26
16

27

38
42
42

29
27
32

27
23
13

32
18
18

19
23
21

30
18
18
14

11
15
20

0.05 bar
-15 bar

12
11
11

13
9

11

9
12
11

10
17
10

12
10
9

19
10

19

21
15
15

18
18'
13

16
12
7

24
12
11

14
13
12

17
11
5
S

8
12
15

COLE

0.072
0.044
0.054

0.073 "I
0.053 \
0.043 J

0.058
0.071
0.085

0.061 ]
0.071 }
0.060 I

0.039 }
0.038 }
0.031 1

0.086 %
0.048 1

o.iooJ
0.140 )
0.194 |
0.189 i

0.100 1
0.097 [
0.129 J

0.097-1
0.083 f
0.042 J

0.102 }
0.060 }
0.051 J

0.057 1
0.083 !•
0.080 J

0.111 ^
0.062 1
0.064 |
0.044 *

0.036 1
0.050 \
0.069 J

PLE (cm)

5.2

6.3

3.0

9.6

18.5

H.2

6.6

6.7

7.6

7.4

5.7

1
I
I

S
"'*!
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TABLE 2 continued

P. 17

Volume reduction as a
percentage of 0.05 bar

volume

Grid Reference
and Soil Series

SP632620
Fladbury

SO759225
Fladbury

SP630619
Wyre

S0782218
Cotnpton

ST556817
Wentloog

ST434712
Wentloog

Horizon depth
range (cm)

0-20
20-65
65-90

0-12'
12-30
30-65
65-140

0-23
23-45
45-70

0-10
10-30
3CHS5
65-110

0-13
13-*0
40-85

0-17
26-i8
48-78

0.05 bar
-air dry

/~ '.
47 \
42
22

49
44
40
39

44
33
33

44
33
22
27

45
25
24

33
16
34

0.05 bar
-15 bar

' /

U
15
12

17
16
14
22

24
15
9

21
12

' 11
8

27
16
16
21
10
21

COLE

0.219 1o.i86 y
0.080 J

0.232 1
0.203 I
0.181 [
0.168 J

0.186 }
0.132 \
0.137 J

0.203 1
0.139 1
0.085 [
0.108 J

0.197 ]
0-087 \
0.087 J

0.119)
0.049 }
0.134 J

PLE (cm)

15.5

18.6

14.7

11.5

10.1

10.8

and particle size distribution by the pipette method (Avery and Bascomb,
1974).

The non-exchangeable K2O content of each clay separate was determined
by digestion with HF and HjSO., followed by flame photometry (Bullock and
Loveland, 1974). The cation exchange capacity of clay separates was
measured at pH 8.2 using an EDTA titration to determine the amount of
magnesium exchanged from a standard solution by the barium-saturated
sample (Bascomb, 1964).

The clay minerals in the separated >2 ^m fractions were identified by
X-ray diffraction and a semi-quantitative estimate was made of each by the
techniques outlined in Avery and Bullock (1977). The CEC and KjO
determinations on the clay fraction were used in conjunction with the X-ray
data to place the soil clays in classes (Avery and Bullock, 1977).

Shrinkage potential of the soils
PLE values are given for most profiles in Table 2 except where COLE

determinations are unavailable for deeper subsoils. Where COLE
determinations are available to almost 1 m, they are extrapolated to the full
metre depth in order to calculate PLE. Volume reductions measured from
shrinkage curves are given for two moisture ranges, 0.05 to 15 bar
(representing the available water range) and 0.05 bar to air dry (total
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0.05 bar
> -15 bar COLE

18
15
12

17
16
14
22

24
15
9

21
12
11
8

27
16
16

21
10
21

0.219
0.186
0.080

0.232 1
0.203 1
0.181 f
0.168 >

0.186 I
0.132 \
0.137 J

0.203 ̂
0.139 I
0.085 f
0.108J
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0.087 J
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0.049 |
0.134 J
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shrinkage). The soils may be divided into three groups with respect to
shrinkage:

(i) Large shrinkage (PLE > 14): the Fladbury and Wyre soils and a
Denchwortn soil in Great Oolite clay.

(ii) Moderate shrinkage (PLE 9-14): The Compton, Long Load and
Wentloog soils and a Denchworth soil in Upper Estuarine series.

(iii) Low shrinkage (PLE < 9): The Worcester, Spetchley, HaJstow,
Tedburn, Foggathorpe, Homton, Faulkbourne and Ragdale soils.

For vertic subgroups of Haplaquepts, Hapludalfs and Eutrochrepts (the
great groups relevant to the above soils), the US Taxonomy requires a
COLE of 0.09 or more in horizons at least 50 cm thick and a PLE of 6 cm
or more in the upper metre. The soils of both the large and moderate
shrinkage groups meet both these criteria but those in the low group fail to
meet at least one of the criteria.

Shrinkage in relation to clay mineralogy
All horizons of the soils in the large shrinkage group are smectitic on the

basis of the X-ray data and the cation exchange capacity, hence confirming
the expected relationship with shrink-swell behaviour. The moderate
shrinkage group includes soils which, apart from the Long Load series, have
at least one horizon classed as smectitic. Soils in the low shrinkage group
have a variable clay mineralogy. Several are micaceous, a few have a mixed
mineralogy (mainly mica and kaolinite), one has a vermiculitic horizon and
a few have one or two horizons that are smectitic. The inclusion of soils
with smectitic horizons in the low shrinkage group is surprising in view of
the known shrink-swell behaviour of smectite. There are two possible
explanations for this. One is that shrinkage is depressed by the presence of
calcium carbonate as Desphande et al. (1964) and Rimmer and Greenland
(1976) have suggested. All but one of the profiles involved have calcium
carbonate in the lower pan of the profile. The other possibility, in view of
the fact that the smectitic horizons are mostly surface or near surface
horizons, is that the CEC on which assignment to the smectitic class is based
is influenced by the presence of organic matter which resisted the peroxide
pre-treatment. In such cases, it is possible that some horizons may be classed
as smectitic when, in fact, some of the CEC is due to organic matter and not
the mineral components. Interstratified mica-smectite was noted in all the
horizons in question but it is not possible from X-ray diffraction to
determine the exact amount of it and hence the CEC due to it.

Correlations between total volume reduction (0.05 bar to air dry as a
percentage of the O.OS bar volume) and various parameters are shown in
Table 3. They were also attempted between the same variables and volume
reduction over the available water range (0.05-15 bar) but generally gave
low correlation coefficients, few significant at the 5 per cent level.
Correlation between total soil shrinkage and individual day minerals is best
for interstratified mica-smectite, the form in which smectite occurs in all the
soils. The coefficients are 0.68 for topsoils aod 0.45 for subsoils but these
values are considerably unproved if the mica-smectite in the clay fraction is
expressed on a whole soil basis (<2 mm). The respective values then

m
8nit• • *

11
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TABLE 3
Correlation coefficients (r) between total volume reduction and various

parameters

Correlation with volume reduction
(0.05 bar-air dry) expressed as a
percentage of volume at 0.05 bar

Parameter Range Topsolis (n = 19) Subsoils (n - «)

1 Bulk density at 0.05 bar (g cm"3)
2 a»y(<2um)
3 Fine day (<0.2 urn)
4 Plastic limit (%)
S Liquid limit (<*)
6 Plasticity index (K)
7 Organic carbon (% C)
8 <2 ion K2O (*) .
9 <2«imCEC(meq/100g)

10 Kaolinite (parts in ten)
1 1 Illite (parts in ten)
12 Chlorite (parts in ten)
1 3 Vermiculite (parts in ten)
1 4 Mica-chlorite (pans in ten)
15 Mica-smectite (pans in ten)
16 Sepiobte (pans in ten)
17 Non-expansibles (10 + 11 4 12 + 14)
18 Non-expansibles (17 + 16)
19 Expansible* (13 + 15)

»<=?-&-
. clay

21 Nucfl*snicctitc x .vr.. (pins w ten)

0.68-1.74
26-89
4-59

19-72
38-144
19-78

0.4-11
1.11-5.49
20.4-59.2

0-5
1-8
0-3
0-6
0-2
0-6
0-3
4-9
4-9
3-€

83-50.7

0-4

-0.85*
0.87*
0.71*
0.72*
0.87*
0.88*
0.78*

-0.39
0.49*

-0.08
-0.43

0.21
-0.38

0.37
0.68"

-0.24
-0.43
-0.50*

0.51*

0.87**

0.87**

-0.86*
0.64"
0 <6*V*JV

061*U.O J

ft Jtt*V.OJ

ft jn*w.O J

O sfi*.JO

— ft 14\t.i ^
0.63"

-0.15
-0.19

O i n. 1 V

-0.30
0.22
0.45"

-0.20
-0.17
-0.32*

0.30

0.80"

0.80**

Significance levels: *p = 0.05; "p = 0.01

become 0.87 and 0.80 and are among the best of the correlation coefficients
(Table 3). Schafer and Singer (1976) also found a close relationship
between amounts of expansible clay and COLE. However, their basing of a
predictive model solely on interlayer expansion of smectite and
swelling-interstratified minerals conflicts with the work of Greene-Kelly
(1974). Although working with re-wetted air-dried sieved samples, he
concluded that interlameUar shrinkage was unimportant at suctions below
pF4.6 (40 bar) and was several times smaller in magnitude than bulk
shrinkage occurring through reduction in pore size.

Correlations between total shrinkage and other individual clay mineral
species are low for kaolinite, mica, sepiolite and vermiculite whereas chlorite
and mica-chlorite appear to contribute positively to shrinkage. Vermiculite
is an expanding lattice mineral whereas chlorite (excluding swelling-chlorite)
is a non-expanding mineral and these results give further weight to
Greene-Kelly's findings. Correlation coefficients are low, however, and in a
sample of this size only the correlation between shrinkage and mica-smectite
is significant at either 5 per cent or 1 per cent levels. The groupings into
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ital volume reduction and variout
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Correlation with volume reduction
(0. 05 bar-air dry) expressed as a !)

percentage of volume at 005 bar •'

e

74
9
?
2
44
8
1
.49
9.2

•• ,-

Topsails (n = 19)

-0.85"
O.S7"
0.71"
0.72"
0.87"
0.88"
0.78"

-0.39
0.49*

-0.08
-0.43

0.2)
-0.38

0.37
. 0.68**

-0.24
-0.43
-0.50*

0.51'

Subsoils (n =

-0.86*
0.64*
0.56'
0.61*
0.83*
0.83*
0.56*

-0.14
0.63"

-0.15
-0.19

0.10
-0.30

0.22
0.45"

-0.20
-0.17
-0.32*

0.30

«J

/••'
' vft

d
*•
£
f'-

'•&.
•..•'.

J4

™.

<(;
' >•
K

-U
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.'4
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).7 0.87'*

0.87**

0.80

0.80"
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expansible and non-expansible clay minerals (Table 3) decided in advance
are clearly in conflict with the above results and hence give little or no
improvement in correlation.

Shrinkage in relation to physical and chemical parameters
A variety of other factors, some chemical, some physical, affect the

tendency of a soil to shrink or swell. Organic carbon is positively correlated
with the shrinkage of these soils, a finding which is at variance with the
views of Davidson and Page (1956) who attributed the lower than expected
swelling of a Houston Black Clay soil to the relatively large percentage of
organic matter it contained.

Cation-exchange capacity is closely linked to the types of clay minerals in
the clay fraction and consequently is used to aid the assignment of clay
mineral classes. CEC of the clay fraction is only moderately well correlated
with shrinkage but, as with mica-smectite, if the values are expressed on a
whole soil basis a very close positive correlation is seen (Fig, 2, Table 3).
Although total volume reduction is not directly related to COLE because it
is measured from 0.05 and not 0.33 bar, usually only a small percentage
(about 5 per cent) of the total shrinkage occurs between these two suctions.
Hence the equation

vyioo = i - (COLE + i)-J

(where Vr is the volume reduction between 1/3 bar and air-dry as, a
percentage of the 1/3 bar volume), can be used to determine an
approximate value of V, corresponding to a COLE of 0.09 as shown in
Fig. 2. This coincides with a subsoil CEC of about 24 meq/100 g on a whole

K) 20 30 40 SO
CEC of the clay fraction (meq/OOOg soil<2mm)|

FIG. 2. Relationship between shrinkage and cation exchange capacity.
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soil basis or 45 meq/100 g on a clay fraction basis for upper B horizons with
an average of 54 per cent clay. Avery and Bullock (1977) separated
smectitic clay mineral classes from others by a CEC (clay) of 45 meq/100 g:

hence the use of clay mineral classes in soil series definitions (Reeve, 1978)
will generally have physical (i.e. shrinkage) as well as chemical significance.

There is a close correlation between total clay and shrinkage but fine clay
is apparently less important. McCormack and Wilding (1975) and Schafet
and Singer (1976) draw similar conclusions from their study of the swelling
behaviour of Ohio and Californian soils.

Liquid limit and plasticity index are much more closely correlated wit))
shrinkage than is plastic limit.

The only factor which gives a similar and very close correlation in both
topsoil and subsoils is the bulk density at 0.05 bar (Fig. 3). It is likely that
the property of certain expansible minerals (such as interstratified
mica-smectite) most responsible for shrinkage is their ability to form more
open structures (and hence lower bulk densities) at low suctions as
suggested by Greene-Kelly (1974). Certainly mica-smectite (whole soil
basis) and dry bulk density at 0.05 bar suction are closely correlated
(r = -0.69 topsoils, r = -0.60 subsoils) in this study. Bulk density is a
property easily measured on cores or by gamma probe methods and,
therefore, provided that the soil can be sampled in a moisture condition near
to field capacity, an assessment of shrinkage potential can be made simply
from a density measurement.

For a more accurate estimation of shrinkage potential a multiple
regression analysis was made using the most important variables in Table 3
(viz. bulk density, clay, liquid limit, <2 mm CEC and organic carbon).

5CH

SI "I
|§3°H

.
c o

ioH

. Topsoils
* SuDsoilS

COLE-0.09

0.5 1.00 1.50
,-3,Dry bulk density at 0.05 bar (g cm*'9)

FIG. 3. Relationship between shrinkage and initial bulk density.

P.21

SHRINKAGE OF CLA.11

f TABLE 4
p Multiple regression equations for,the dt

Volume reduction (0.05 bar to air d
(Db) +1-12" (CEC)- 2.1 (OC)

Volume reduction (0.05 bar to air d
(Db) + 0.62" (CEC) - 0.19* (C

fob - dry bulk density at 0.05 bar (g cm"3)
C£C =• cation exchange capacity of the clay fraction
~ iC • oijanic carbon (g/100 g soil)

|C • clay (g/100 g soil)
; levels: *p - 0.05; "p «= 0.01
as a percentage of volume at 0.05. bar
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contract towards the row and cracks to develop in between the rows. Other
crops with profuse fibrous root systems initiate a more regular dendritic
pattern of surface cracks.

Local soil drainage is also important; a groundwater-table at shallow
depth during part of the growing season will maintain the soil in a moist
condition and lessen the potential for shrinkage.

Nevertheless, in a dry season, certain soils under certain crops will shrink
markedly and the shrinkage will be expressed as cracking and lowering oj
the soil surface.

The distinctiveness of cracking at the soil surface will be affected by the
size of soil structural units. It has been noticed that surface cracking in a
long-established grass crop is less obvious than in a recently sown ley or
arable crop. The finer structure formed under old grass presumably allows
linear shrinkage to take place by means of a large number of fine cracks, but
the coarser structure prevailing in frequently tilled clayey soils results in
larger, more widely spaced cracks.

Where crack spacing and width are easily measurable and if it is assumed
that shrinkage of structural units is isotropic, field-recorded surface crack
widths compare well with potential crack widths calculated from laboratory
shrinkage data. Thus a calculated potential crack width of 5 cm for surface
cracks 25 cm apart (a common spacing) in a Fladbury series topsoi! accords
well with measured 5 cm cracks during the summer of 1975. This confirms
that shrinkage was isotropic.

Below the surface, cracks normally narrow with increasing depth
corresponding to a reduction of soil moisture tension. Evidence from pits
dug during dry summers in England and Wales shows that cracks more than
1 cm wide often extend to between 50 and 60 cm depth but narrow rapidly
below that, although often extending as fine cracks to depths of more than
one metre. In the subsoil, water loss in response to direct evaporation is
insignificant (Ritchie and Adams, 1974) and only occurs along crack walls.
Hence transpiration by the growing crop accounts for the majority of drying.
As most crops are unable to extract water beyond 15 bar tension, only
shrinkage to that point is relevant.

Table 2 shows that subsoil shrinkage within the available water range
varies from 5 to 22 per cent in the soils studied. At the higher end of the
range, a potential crack width of 1.5 cm is suggested if the spacing is 25 cm.
The observed crack widths in subsoils are well within this potential and
indicate that drying to 15 bar seldom occurs in such soils below 60cm
depth.

Because drying beyond 15 bar is rare in subsoils in Britain the potential
shrinkage differences between soils become less significant. This can be
demonstrated by the following comparison of two different soils.

A total potential volume reduction of over 40 per cent in a Fladbury subsoil
becomes a potential shrinkage of only 15 per cent within the available water
range, as much of the total shrinkage would require loss of water held at
very high tensions. The total potential shrinkage of a Worcester series
subsoil at 15 per cent is less than half that of a Fladbury soil, but more than
two thirds (10-11 per cent) is attributable to the available water range.
Additionally, the lower available water capacity of Worcester soils (12 per
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cent as opposed to 16 per cent in a Fladbury subsoil) and the fact that they
are found in situations above any groundwater influence means that
Worcester soils will be more likely to dry to higher tensions that Fladbury
soils. Thus it is hardly surprising that in the field and under similar crops,
soils of the Worcester series will exhibit as much shrinkage as Fladbury
series over the shorter drought periods. This fact explains why Worcester
subsoils are as likely to show slickensides (Avery and Bullock, 1977) as are
soils of smectitic mineralogy.

For the above reasons, it becomes invidious to classify soils separately in
Britain in terms of measurements of shrinkage between low tensions and an
air-dry state, as many other factors are involved. The application of COLE
and PLE criteria introduced by Avery (1973) has consequently been
abandoned by the Soil Survey of England and Wales. In recent surveys
(Heaven, 1978; Reeve, 1978) soils were classified into pelosols or
pelo-subgroups on the sole basis of clay content and horizon thickness
requirements.

Conclusions
Of the 19 profiles studied, nine meet both the COLE and PLE criteria for

vertic horizons. Six of these are in riverine alluvium, the others in Jurassic
clay.

There is a good correlation between interstratified mica-smectite and
shrinkage particularly when the amounts of mica-smectite are given on a
whole soil basis. Correlation with six other minerals in the clay fraction
(mica, kaolinite, chlorite, vermiculite, mica-chlorite and sepiolite) is not
significant at either 5 per cent or 1 per cent levels.

Of the other factors affecting shrinkage that were studied, bulk density,
liquid limit, clay content, organic carbon content and CEC on a whole soil
basis all gave good correlations. Regression equations involving these
parameters explain 87 per cent and 82 per cent of the shrinkage in topsoils
and subsoils respectively. It is therefore, possible to estimate shrinkage
potential fairly accurately in most temperate clayey soils using these
parameters.

Due to restriction on shrinkage imposed by such factors as climate, crops,
the ground-water depth and moisture release characteristics, soils with a
large potential shrinkage may not behave very differently from soils with a
much lower COLE. For these reasons the United States COLE and PLE
criteria have been excluded from the classification system for England and
Wales.
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Woody Plant Roots Fail to Penetrate a Clay-Lined
Landfill: Management Implications
GEORGE R. ROBINSON1*
STEVEN N. HANDEL
Department of Biological Sciences
Rutgers Unrversrty
Piecataway. New Jersey 06655-1059. USA

ABSTRACT / In many location*, regulatory agencies do not
permit tree planting ebove landfills that are sealed with a
capping clay, because roots might penetrate the clay
barrier and expose landfill contents to leachmg. We find,
however, no emplocal or theoretical basis for thie
restriction, and instead hypothesize that plant roots of any
kind are incapable of penetrating the dense clays used to
seal landfills. As a test, we excavated 30 trees and shrubs,
of 12 species, growing over a clay-lined municipal sanitary

landfill on Staten Island. New York. The lanctflU had been
closed for seven yean, and featured a very ehakow (10 to
30-cm) soil layer over a 4S-cm layer of com pacts d grey
marl (Woodbury series) clay. The test plant* had invaded
naturally from nearby forests. All plants
examined—including trees as tall as 6 m—had extremely
shallow root plates, with deformed tap root* that grew
entirety above and parallel to the clay layer. On*/
occasional stubby feeder root* were found In the top 1 cm
of clay, and in clay cracks at depth* to 6 em. Indicating
that the primary impediment to root growth wae physical,
athough both clay and the overtymg soil were) Nghry
acidic. These results, if confirmed by experimental
research should lead to increased option* lor the end use
of many closed sanitary landfills.

Restrictions on Use of Woody Plants on
Closed Landfills

Modern landfill technology includes methods for
isolating landfill contents, largely to prevent wetting
of the contents and subsequent pulses of leachate that
might contaminate surrounding lands and waters.
This is accomplished by scaling the top of a completed
landfill with an impermeable liner, using one of two
methods. Luhcr a thick layer of dense clay is spread
over the top and sides of the mounded trash, or the
mound is carpeted w i th a synthetic waterproof fabric
(a goctcxtilc). lioth types of linear arc covered with a
layer of soil, which is designed to function as a combi-
nanon harrier protection layer, drainage channel, and
growth medium. Hoth sv\ tcm* arc engineered to
function for several decades, during which time land-
fill contents arc expected to slowly decompose anacr-
obically (Anonymous I'JKO. I ut ton I';S2, Owcis I9K9.
Miller I9SK. Woodward I'JK'H

Given their constant shif t ing nnd settling, closed
landfills arc oltcn unsuitable for building construc-
tion, and options arc limned to ihcir end use (e.g..

KEY WORDS. Clay hoar. Environmental reguiaton: Reelomoon ecol-

ogy; Root penetration: Sanury landMs: Woody peints

*fvrrr«l JdUrc\s Dcr-jrtmrni c.l It mint K« I Socncri. Smr I. «r»er-
•iiyoj N«r York. Alhiay. Nf» York i::22. USA.

*Ailhor tookoiR cerr«po«dr»ct ike*Id b* iddrtucd.

Aplct and Conn I977y Therefore, the main defining
feature of many closed landfills, other than shape and
size, will be their vegetative cover. Although the soil
materials used for final cover, including surface lay-
ers, arc designed primarily for containment, most
sites can accommodate a variety of plant communities,
if provided sufficient soil cover (Carnetl and Insley
1982. Uradshaw 1984). Typically, however, the vcgc-
tation is engineered to match the site, rather than the
reverse. Part of the reason for this approacb lies with
fears that some ivpes of vegetation mtgbt imcrferc
with containment. In cases where final cover includes
synthetic ccoicxulcs. tn.it concern has been somcwhai
alleviated r>v tests demonstrating that those material*,
arc resistant to penetration by iree roots ("Landrcih
I "I'M. l)oh\on and Moll at l«J93). However, on clay
caps, landscaping materials arc often restricted by law,
to ricrnaccous plants (c.c.. grasses and wildflimcr
mixes), out of concern lor potential damage 10 ci;i\
harriers posed bv woody plant roots.

The origin ol those concerns is not clear, although
they arc expressed in regulations and technical guide-
lines (e.g.. Anonymous 1989. 1991. 1992. citations in
Dohson and Moffat 1993V It is not even clear that
ncrnaccous plum.- snuuid be any less threatening man
trees and shrubs. For example, roots of native hunch
grasses from the Great Hasin of western North Amer -
ica are known to rcacn depths of several meters
(Weaver 1920) in their native soils. Indeed, studies of
clay-capped landfills in Wisconsin. USA. indicate that

6nv*onmental Managemvm vot
II.* J.

~*T99* Sonng«r-Verleg New Yo>k me
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Figure 1. Field level photograph of a
portion of the Brookficld Landfill, taken
in June 1993. The large lree» in the
foreground are black locust, Rctontu

stringent standards, and we were granted permission
by the New York City Department of Sanitation to
excavate the woody plants on the site.

In fall 1992, we excavated 30 irees and shrubs, of
13 species, that had been growing for up to seven
years. For the most part, they represented the largest
specimens available, but some species were repre-
sented by a single individual. Species with small,
short-lived stems (e.g., blackberries, Rutvs spp.) were
excluded. For each plant sampled, we chopped
through the main lateral roots m a circle of 1-2.5 m
diameter (depending on plant size), removed surface
soil from around the attached rents, dug out the ex-
posed root mat, and tipped the plant on its side.
Within the area excavated, any remaining soil was
scraped to expose the clay cap, which was examined
for the presence of plant roots, living or dead. Maxi-
mum root depth of the excavated plam was mea-
sured, as well as ihc overburden soil dcpih. and the
maximum diameter of the lurucM exposed rout. r.ach
plant was aged by counting growth rings, and each
plant's size was determined hy measuring basal stern
diameter and height from soil surface 10 ihc tallest
growing hud. To estimate potential physical resis-
tance to root growth m hoih soil and clay, probe* were
made with a spring-type pcnciromcicr (Soil 'I CM In-
corporated Pocket I'cnciromcten. which provides :i
relative measure of resistance to a cal ibrated force
(McKycs 14)K<>. Men .cough 1'i'M. Campbell and
O'Sullivan 1991). All probes were made in the field
following a ram, in order to obtain moi.M soil condi-
tions. Hcncath each plant. 25n.ce samples of soil over -
laying the clay cap were removed for laboratory pll
tests, using a laboratory electrode inserted in a slurrv

of homogenized soil and distilled water (McLean
1982).

Results

Nineteen species of woody plants were found
growing on the landfill; 13 had sizable individuals
living above the clay cap. Judging from tbcir ages,
many of the sampled trees and shrubs bad begun
growing on the site soon after the cap was installed.
All 30 plants examined, including the largest, had
extremely shallow root plaies (Figure 2). Tip roots of
all sizes were deformed in many cases (Fig. 2C.D),
growing entirely above and parallel to the clay layer.
A few small feeder roots were found in the top I cm of
clay, and in several cases, in cracks at depth* of up to <>
cm, but no significant penetration of the clay cap was
observed. Maximum root depth was typically equiva-
lent 10 the depth of ihc soil overlying the clap cap
ffnhlc 1). Despite the very shallow soils, many of ihe ;
plants were noi particularly small for their ages anU
were apparently able to maintain sizable root volumes
that spread well beyond ihc canopies.

Soil pll beneath each specimen was substantially
higher lhan thai of the underlying clay (4.0 vs .1.1. on
average). although values for the soil were themselves
quite low. perhaps due 10 acidification by tbc clav cap
(K. Ducll personal communication). Mean penctrom-

. etirr resistance mej.surcmenis were 0.54 MPa lor the
soil and 2.36 MPa for the clay. Values for the clay
increased with depth, and measurements taken at
depths >IO cm were olfihc scale of the instrument.
>3.10 MPa. Values above 2.0 MPa indicate strong
potential root impedance (Glmski and Lipiec 1990.
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Table i Measurement aa;a from 30 excavatea t rees ana snruos growing over a clay liner on Brooklield
Landfill. Statin island. New York*

Common

Species nnme

1 ree species
Itclulit prrKilifrtm prey Mrch

l.iquidJ>mtnr sryradflu* s w c c l p u m
Mnrusip. mulhcrrv

I'runus xminx Mack cherry

Oua-cus (uluans pin oak.
Ratini* pacudrncaax Mack IncuM

Shrub species
Haccharis h»limiMi» pruundsel hush
CqjhJtlxnihuscvadcnulis hulinnbush
Myticn paifylvuniat hayhcrry

Rhus flxtnt smooth sumac

Stmtvcvs anxdcnsis eldcrhcrrv

Vitvrnum Uaiutum arrowwond
Means

ML- IE hi
icm 1

1 "(1
505

400

380

310

175
210
440

393

235
245
•>/sn

4 II)

405

627

533

130
125
115
135
1 10
141
107

13ft

235
240
Ih7

145
1 ")<
:IHI
:„(,

Maul
diam
(cm )

2.5
15.0
8.0
8.0
8.0
4.0

3.5
22.0
12.0

4.5

l,.0
8.0

10.0
ft 0

12.0
1 1.0

2.0
4.5
2.0
2.5
2.5
2.0
1.5
2.0
3.0
3.5
1.0
1.0
2.0
3 0
5 S

Ape

iv r I

4

fi

5
5

7

ft
7

1

1

1

5
h

J
4

7
7

5
5
5
6

5
.1
•\
7
7
7

6
5
s.
.,

5 .•

S I M |

Oepih
(cm i

*
1 U
12
\ ~
.15

10

20

12
20

14

10

2 U
14

24

20

33

21
21
-< <
2 <.

\ K

21
20
10

|7

15
22
14

;j
*<
2n <

Kooi

depth

(cm )

s

ID
15
21
35

15
15
13
21
14

20
21
14

24
20
28

21
21
17

18

18

22
21
17
13
10
17

15

2'»
21'
IK h

Kool
diam.
(cm)

2.5
7.0
4.0

2.5
4.5
3.5
3.0

13.0
7.0
4.0

5.0
8.0
6.0
4.0
7.5
6.0

1.5
2.5
2.0
2.0
2.0

.5

.0

.0

.0

.5

.0
1.0

1.5
2.0
3.6

Soil
pH

3.41
3.14
3.41
3.60
5.13
4.09
4.01
3.97
3.70
3.71
3.53
3.84
3.70
4.72
4.75
4.10

4.33
3.72
4.32
4.28
4.90
4.00
4.97
4.41
4.32
3.29
3.72
4.17
3.86
3.73
4.03

CUv
PH

2.84
2.52
3.14

3.20
3.12
3.47
3.32
3.16
2.73
2.91
3.03
2.90
3-00
2.96
2.76
3.70

3.64

3.01
3.5ft
3.4f>

3.10
3 08
2.67
3.1 I
3.05
2.80
3.18
3.15
2.83
2 '><
3. OK

diciittvc. Studies of mot urow th in hc;i\\ \uiis miliciiie

th;it ihc types of clay used in seal LmdlilN. w i t M ihcir

hich hulk densities nnd sm;ill pure M/CV wi l l he imper-

vious to plant roots, including those nl woody species

(Russell 1077. Ch. 8. XUeppcr |'»S7. Ik-nnie 1'i'M. Ma-
tcrcchcra and others l')')| y In order to cr<iw. ;i root
must push aside soil p.irnclc* or else work through soil
pores, cracks in rocks, or other discont inuit ies.

Whereas an cx tcnd inu root up h;ix .1 Oiamcier of

(1.1-3 mm. soil pore diameters r a n e e Irom d (K12 to

I'.2 mm. w i t h even lower \ .nues i t > r pure ei.iy • I ,i\ior

I'J7I. Kcndic and Taylor l"s<)\. ix-nse soils. v,uh

their small avcrauc panicle si/e—especial lv com-

pacted clays—represent si rone harr iers 10 root penc-

irauon. he en use the .small pore> are rapidly clouted

wuh fine particles that accumulate around the root

lips (Dexter 198f>. Grcaccn I«JH6. Atwel l iy«>3). The

forces nceessjiry to penet ra te such soils are beyond the

capahihty oi mosi plants studied. K.OOI tips of any

plant species ex tend hy cell cnlarcement. driven h\

tu rco r (osmot ic-hydraul ic) pressure, and there are

ahsoluic limns 10 the amount of force that can he

generated under these circumstances (Dexter l'J87.
Glmski and l.ipicc lni>0. Whalcn and Feldman 1'J'Hi.
Atkinson and Mackie-Dawson 19911. Tree roots are

notorious lor hreakmc pavement and cracking roeks.

hut this act iv i ty is driven hy eradual increases in e i r th

01 roots atreaoy m place, not penetration by yuunu.

crow\nc root tips (Hermann l lJ77y

Further Research Needs

Althoueh our field data seem clear and consistent,
additional experimental information is needed for
three reasons. I-'irst. the duration of growth was short.
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Survival, Reproduction, and Recruitment of Woody
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ABSTRACT / With the advent of modern sanitary landfill clo-

sure techniques, the opportunity exists for transforming mu-

nicipal landfills into urban woodlands. While costs of full-

scale reforestation are generally prohibitive, a modest plant-

ing of clusters of trees and shrubs could initiate or accelerate
population expansions and natural plant succession from

open field to diverse forest. However, among woody species

that have been screened for use on landfills, these ecological

potentials have not yet been investigated. We examined a

14-yr-old landfill plantation in New Jersey. USA, established

to test tolerance of 19 species of trees and shrubs to landfill

environments. We measured survivorship, reproduction, and

recruitment within and around the experimental installation.

Half of the original 190 plants were present, although survival

and growth rales varied widely among species. An additional

752 trees and shrubs had colonized the plantation and its
perimeter, as well as 2955 stems of vines. However, the

great majority (>95%) of woody plants that had colonized
were not progeny of the planted cohort, but instead be-

longed to 18 invading species, mostly native, bird-dispersed,
and associated with intermediate stages of secondary plant

succession. Based on this evidence, we recommend that

several ecological criteria be applied to choices of woody

species for the restoration of municipal landfills and similar

degraded sites, in order to maximize rapid and economical
establishment of diverse, productive woodlands.

Of 6000 municipal landfills in the United States,
about 20% have reached capacity, and many others will
close before the year 2000 (O'Leary and others 1988).
As with other kinds of landscape rehabilitation, efforts
co revegetate former landfills have met with varying
success, although in most cases the efforts themselves
have been quite modest (Flower and odiers 1978). Until
recently, former sanitary fills have been either covered
directly with thin layers of mineral soil, or sealed first
with an impermeable clay layer (to prevent leaching and
to allow collection of decomposition gases), followed by
lighter soils (US EPA 1980, Lutton 1982). For the most
part, both types of site have been seeded with grass
mixtures to control erosion, and, except in cases where
building construction or other development was eco-
nomical and otherwise feasible, subsequently aban-
doned (Flower and others 1978, US EPA 1980, Stalter
1984).

More elaborate landscaping programs have been
hampered by considerations other than financial costs,
since landfill closure methods have to a large extent
limited the variety of plants suitable for site reclamation.
In addition to stabilizing soils, landscapers have been

KEY WORDS Restoration ecology; Plant succession. Seed dispersal.
Piani reproduction. Landfills. Woody plants

Author to whom correspondence ihould be addressed.

required either to minimize groundwater contamina-
tion by leachate from unsealed landfills or to retain the
integrity of sealed and vented sites. In response to the
problem of leaching, the use of woody species has been
proposed as a means of depleting excess soil moisture
on uncapped landfills, provided soils are deep enough
to support trees (Ettala 1987, 1988). However, on sites
sealed with impermeable clay caps, woody plants have
not been recommended, since their roots could pene-
trate the clay seal, releasing decomposition gases and
allowing water to percolate downward. This latter prob-
lem does not apply to landfills sealed with synthetic
polymer sheets (US EPA 1980b, Lutton 1982). which
are impervious to root penetration (R. E. Landreth per-
sonal communication) and are now commonly used in
place of clay to line and seal landfills. Consequently,
uncapped sites and landfills covered with a polymer
membrane barrier could be forested, given sufficient
added soil, and opportunities exist to reclaim many of
these degraded lands as urban forests and productive
wildlife habitat. On both ecological and aesthetic
grounds, woodlands may be a preferred end use in the
environmental management of landfills.

An early step in any comprehensive restoration ecol-
ogy program is characterizing the plant species most
suitable to a particular site (Brown and others 1986,
Malcom 1990). Where woody plants are appropriate,
screening programs for sanitary landfills have typically
focused on selecting plants that will survive in an ex-

Environmantal Management Vol 16. Mo 2. pp 265-271 C 1992 Springer-Velag New York Inc.
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0 10 20
Diameter at breast height (cm)

Height (m) Figure 1. Average sizes (stem
diameters) of surviving trees and
average heights of surviving
shrubs (inset). 14 yr after
introduction on the Edgcboro
landfill experimental plantation.
Ten individuals were planted of
each species. Values in parentheses
are numbers of survivors per
species.

J

in fall 1966. Upon closure, it was covered with a thin
layer (15-25 cm) of mineral soil, seeded with a commer-
cial grass mixture, and abandoned. Ten years later, in
spring 1976, colleagues from Rutgers University chose
a portion of the Edgeboro site to screen candidate spe-
cies for landscaping municipal landfills. In an 800-nr
plot, they added 60 cm of soil (including 30 cm of top-
soil), planted ten individuals of each of 19 species of
trees and shrubs, and studied their survival and growth
over 4 yr. The saplings were nursery stock, ranging in
approximate height from 1 to 3 m at planting (Oilman
1979. 1980, Leone and others 1979, Oilman and others
1985).

The central issue in their study was the effect of
methane, carbon dioxide, and other decomposition
gases on root development and aboveground growth of
woody plants. The species chosen were horticultural va-
rieties, selected on the basis of known tolerance to air
pollution or waterlogging and other anaerobic soil con-
ditions. The experimental plot was placed, by design,
above a region where high levels of methane had been
detected. Although additional experimental treatments
were later conducted on this site (Leone- and others
1979, Oilman 1980), we resiricted our censuses to the
original screening ensemble

To estimate growth and survival, we first consulted
the original planting diagram (Oilman 1979. p. 31) u>
ensure that we examined the transplants, not their o f f -
spring or odier secondary recruits. For si/e estimates,
we measured diameters at breast height (dl>h) of trees
and heights of shrubs. We judged a species to be repro-
ductive if it bore flowers or trim, was represented In;
seedlings, or had produced clonal shoots awav from the
parent siem.

For woody recruits in the plantation (delmed for our

purposes as the area bounded by the outside edge of
the canopy), we divided the area into 3-m-wide strips
and counted stems of all species in all strips. To exam-
ine recruitment around the plantation, we counted
stems within a perimeter extending 5 m from its edge.
We classified trees and shrubs by height, below or above
50 cm (to crudely differentiate seedlings from older
plants). Vines (or more properly canes, in the case rr

Rubus) trailed along the ground or climbed stems
other species, and rather than classify by sire, we
counted emerging stems at ground level.

Results

Survivorship and Growth

All but one of the 19 species had at least one survi-
vor, and nearly half of the original 190 plants were
present. We had no means of determining causes of
death, but losses during the 4-yr course of the original
experiment—which amounted to 1496—were attrib-
uted to herbivory, desiccation, and possible soil toxicity
(Oilman 1979, 1980). Survivorship was quite variable
among species, as was average size, which ranged over
an order of magnitude (Figure 1). Tree size was not
correlated with the proportion surviving (/?2 < 0.02), an
indicau'on that survival probability and growuS rate
were influenced by different sets of factors.

Reproduction and Recruitment

Of the 18 planted species with at least one survivor,
we found evidence for reproduction, from seeds or
clonal growth, in nine (Table 1, A). Among them, the
highest reproductive rates were for bayberry (Myrir
pmsylvanica), red maple (Acer rubrum), and pin o.
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Table 2. Suggested ecological criteria for woody species selected to revegetate landfills and similar degraded or
isolated landforms

Ecological component Desired function Species attributes

Survival and growth

Reproduction and
regeneration

Disperser attraction

Transciency

Increase landscape complexity,
compete successfully with weeds,
improve soil properties

Retain species diversity, augment
genetic diversity, increase
vegetation coverage, provide future
seed source

Ensure seed dispersal, promote
desirable invasions, improve wildlife
habitat

Permit a natural successional mosaic

Tolerance to site environment, rapid
growth rate, herbivore defences

Early maturity, high pollination
success, large allocation to
reproduction, high recruitment
success, long reproductive period

Perches and nesting sites, fleshy and
attractive fruits, high fruit quality
and quantity, sequential ripening
for lengthy food resource

Relatively short-lived, typically early
or mid-successional. invariable by
additional desirable species

vines added nearly 3000 additional recruits, although
their contribution to biomass was proportionately
smaller. In the plantation's interior, 82% of recruiting
trees and 84% of recruiting shrubs were from outside
sources. Along the perimeter, the proportions were
similar: 83% of trees and 73% of shrubs. Combining the
original species and subsequent invaders, regeneration
was primarily by native species, which represented 64%
of aU species, but 74% of all recruiting species, 92% of
individual tree and shrub recruits, and 54% of individ-
uals among recruiting vines. Among the species that
had invaded, 16 of 18 had adaptations (principally ber-
ries) known to promote bird dispersal.

Over twice as many tree seedlings and saplings, of
both the planted and invading populations, were found
inside the plantation as on its margins. The opposite
was true of shrubs, with three times as many individuals
along the perimeter. Adjusting for differences in total
area sampled (the amount of perimeter measured was
±80% of the experimental plot area), tree density was
45% higher and shrub density 395% lower within the
plot than at its margins. Several species of vines were
well represented in the recruiting vegetation, more so in
the understory than the perimeter (Table 1, B). Recruit
size appeared related to the light environment, with
taller plants generally found along the margin or in
more open areas within the plantation.

For planted species, recruits within the plot averaged
only three stems per species, and on the perimeter only
six per species, after 14 yr. Bayberry, a native shrub,
had by far the highest reproduction (mostly in the form
of clonally derived stems), contributing 71% of all re-
cruits (Table 1, A).

Discussion

When end-use plans and financial resources are
compatible with programs of natural restoration, sani-
tary landfills could be transformed into urban wood-
lands, greatly enhancing their aesthetic and educational
values, increasing local biodiversity, and providing im-
portant wildlife habitat. Restored natural areas have al-
ready made a significant contribution to nature conser-
vation in the United Kingdom (Bradshaw and Chad-
wick 1980, Wathern 1986, Buckley 1989). Costly
restoration programs are not likely to be carried out on
landfill sites, however, and we are investigating ecolog-
ical means to restore natural plant diversity and succes-
sion in lieu of traditional landscaping and long-term site
maintenance. It does seem likely that natural forces
such as seed dispersal and reproduction can be utilized
to accelerate a woodland vegetation, but the success of
any such scheme would rest on a proper choice of spe-
cies mixtures at the initiation of the process.

The definition of a successful landscaping specimen
for landfill restoration has been restricted to its physio-
logical capacity for survival and growth under poten-
tially harsh conditions. To this we would add three cri-
teria: (1) high and quickly realized reproductive capac-
ity, (2) attractiveness to seed disperscrs, and (3)
relatively rapid turnover, to permit a conu'nued succes-
sional sequence. The relevance of these criteria and the
attributes that characterize them are outlined in Ta-
ble 2.

Our reexamination of the Edgeboro landfill experi-
mental plantation confirms a need for these added con-
siderations. Clearly the capacity to survive and grow is
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Forest Restoration on a Closed
Landfill: Rapid Addition of New
Species by Bird Dispersal
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Abstract: Urban areas often contain sizeable pockets of de-
graded land, such as inactive landfills, that could be re-
claimed as wildlife habitat and as connecting links to en-
hance remnant natural areas. In the northeastern U.S., many
such lands fail to undergo natural succession to woodland,
instead retaining a weedy, herbaceous cover for many years.
We hypothesize that seed dispersal is a limiting factor, and
that a form of secondary succession could be stimulated by
introducing clusters of trees and shrubs to attract avion seed
dispersers. As a direct test, we censused a 1.5-ha experimental
plantation on the Fresh Kills Landfill (Stolen Island, New
York) one year after installation, in search of evidence that
the plantation was spreading or increasing in diversity. The
17 planted species, many from coastal scrub forests native to
this region, were surviving well but contributed almost no
seedlings to the area, in part because only 20% of the in-
stalled trees or shrubs were reproductive Of the 1079 woody
seedlings found, 95% came from sources outside the plan-
tation; most (71%) were from fleshy-fruited, bird-dispersed
plants from nearby woodland fringes. Although the restora-
tion planting itself had not begun to produce seedlings, it
did function as a site for attracting dispersers, who enriched
the young community with 20 new species. One-fourth of all
new recruits were from nine additional wind-dispersed spe-
cies. Locations with a high ratio of trees to shrubs had pro-
portionately more recruits, indicating that plant size con-
tributed to disperser attraction. The density of new recruits of
each species was dependent on distance from the nearest
potential seed source. Introducing native species with the
capacity to attract avion dispersers may be the key to success
of many restoration programs.

Paper submitted December 20, 1991; revised manuscript accepted
September 21. 1992.

Restablecimiento del bosquc en una clausura: Rapida adicion
de especies por aves dispersoras

Resumen: Areas urbanas usualmente contienen nucleos
aislados de tamano considerable, de tierras degradadas,
como vertederos publicos inactivos que pueden ser reclama-
dos como habitat para vida silvestre, y como vinculos de
coneccidn para ampliar areas naturales remanentes. En el
Noreste de Estados Unidos mucbas de estas tierras fracasan
en el proceso natural de sucesion bacia bosques, en vez re-
tienen por muchos anos una cubierta herbdcea de malezas.
Nuestra hipdtesis es que la dispersion de las semillas es un
factor limitante. Una forma de sucesion secundaria puede
ser simulada introduciendo conglomerados de drboles y ar-
bustos, para atrear aves dispersoras de semillas. Como test
directo nosotros sensamos 1.5-ha de una plantacidn experi-
mental en el vertedero publico de "Fresh Kills' {Staten Island,
New York) un ano despues de la instalacidn, en la biisqueda
de evidencia que demuestre que la plantacidn fue dispersada
o incrementd en diversidad. Las 17 especies plant ados, mu-
chas de arbustos costeros natives de la regidn, sobrevivieron
bien, pen, prdcticamente, no contribuyeron en semillas en
el area, en parte porque sdlamente el 20% de los drboles o
arbustos instalados fueron reproductivos. EL 95% de las
1079 pldntulas lenosas encontrados provienen de fuentes
fuera de la plantacidn; la mayoria (71%) provinieron de
frutos de plantas dispersadas por pdjaros de tierras de
bosques aleddneas. Si bien la restauracidn de la plantacidn
en si misma no ha comenzado a producir pldntulas, ha
funcionado como sitio para atraer dispersores, que ban en-
riquecido las comunidades jdvenes con 20 nuevas especies.
Un cuarto de todos los nuevos reclutasprovinieron de nueve
species dispersadas por el viento. Lugares con altos rela-
ciones de drboles con respecto a arbustos tuvieron proper-
cionalmente mas reclutas, indicando que el tamano de la
planta contribuyd a la atraccidn del dispersor. La densidad
de los nuevos reclutas de coda especiefue dependiente de la
distancia desde la fuente potencial de semillas mas cercana.
La introduccidn de especies natlvas con la capacidad de
atraer aves dispersoras puede ser la clave del suceso de
muchos programas de restauracidn.
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Figure 1. Maps of (a) Staten Island, New York, (b) the Fresh Kills Landfill complex, and (c) the coastal wood-
land restoration area examined in this study. The four numbered sections in (b) are the landfill mounds, parts
of which have been capped with impermeable liners and revegetated. Shaded areas in (c) represent the approxi-
mate positions of nearby woodland remnants.

Three separate vegetation mixes were installed in
three different portions of the site-. (1) a predominantly
oak-shrub mix of 14 species, planted on a south-facing
slope approximately 25 m inland from Main Creek; (2)
a predominantly pine-shrub mix of 14 species, planted
on a shallow, north-facing upland swale 30 to 90 m
inland from the oak-shrub group; (3) an cricaceous
shrub mix of six species, planted upslope from the two
other areas on a predominantly east-facing slope (Fig.
1). In the analyses that follow, these are referred to as
the oak, pine, and ericaceous sites. Approximately 3000
shrubs were planted in small clusters (6-12 plants of
one species per cluster) among the three sites, and 500
trees were distributed over the oak and pine sites. In
addition to woody species, each site was planted with
native perennial grasses and seeded with a native wild-
flower mixture.

We censused the plantation in June 1991, during the
second growing season after installation. We divided the
three sites into 50 contiguous plots, each approximately
10 X 30 m. To study survival and reproductive status of
the planted stock, we censused all trees, shrubs, and
woody vines within the three sites. To estimate recruit-
ment, we censused all seedlings of woody plants, iden-
tified by species. Living individuals were counted, mea-
sured, and categorized according to one of four sources:
(1) deliberately planted as part of the restoration; (2) a
seedling derived from one of the restoration plants (as a
conservative estimate, this category included any seed-
ling that matched a planted species that had reproduced
in a site); (3) a seedling derived from a nearby source
outside the restoration site; (4) a seedling or sprout that
arrived in a root ball of a planted individual (presumably
from a population at the source nursery).

Following the census, we surveyed the surrounding

area to identify potential natural seed sources. Distances
from nearby woodland remnants were estimated for all
50 plots to determine approximate minimum travel dis-
tances for each new species in every plot. Formal con-
trol plots (devoid of trees and shrubs) could not be
established because the area surrounding the restora-
tion site was mowed. As a substitute, we compared r
suits informally with censuses taken on another ncai
landfill to infer differences between background levels"
of woody plant recruitment and the putative effect of
adding trees and shrubs. The Brookfield Landfill, also
located on Staten Island—within 4 km of the Fresh Kills
Landfill, was closed in 1985. The 20-ha site, which bor-
ders a 105-ha forested reserve, was seeded with com-
mercial grasses upon closure and has since received no
maintenance. It is similar to the Fresh Kills Landfill in
soil types and surrounding vegetation. We censused all
woody plants in three 0.5-ha plots, corresponding to the
total area of the Fresh Kills Landfill restoration.

Results

Summary of Natural Recruitment

The majority of individuals and 17 of the 18 species
planted were surviving (Table 1). Growth estimates in-
dicate that most trees had moderate increases in girth (0
to 50% ) over the first season, whereas most shrubs
grew substantially in height, about 60% on average. A
low proportion (19%) of plants were reproductive;
most were either too young or perhaps suffered trans-
plant shock. This Is reflected in the very slight recruit-
ment directly attributable to the plantation (0.4%; T
ble 2).

After one year, natural recruitment had boosted the

ConxrviUon Biology
Volume 7. No. 2, June 1993



Robinson & Handel Restoration md .Vamra/ Seed Dispersal 275

Table 2. Census data for woody species naturally recruiting during the first season following installation of the Fresh Kills restoration.

Species

Acer rubrum
Ailantbus altissima
A Ibizia ju librissin
Baccbaris balimifolia
Campsis radicans
Celastrus orbiculatus
Comptonia peregrina
Cornus stolonifera
Crataegus sp.
Eleagnus commutata
Juglans nigra
Junipems virginiana
Liquidambar styraciflua
Lonicera japonica
Partbenocissus quinquefolia
Paulownia tomentosa
Populus tremuloides
Prunus serotina
Quercus prinus
Quercus velutina
Rhus aromatica
Rhus copallina
Rhus glabra
Robinia pseudoacacia
Rosa multiflora
Rosa sp.
Rubus sp.
Salix discolor
Sassafras albidum
Smilax sp.
Toxicodendron radicans
Vitis sp.

Origin

native
alien
alien
native
native'
alien
native
native
native
native'
native
native
native
alien
native
alien
native
native
native
native
native
native
native
native*
alien
native
native
native
native
native
native
native

Total count

Total
count

14
65
47
64
19
77
22

2
1
6
1
1

37
2

40
1

29
108

1
1
1

276
86
34
5
2

87
1
8
6

26
4

1074

Distance (m)

228(50)
299(70)

162(21)
124(51)
131(50)
142(21)
215

397
299(55)
124(103)
139(51)
179
143(60)
120(47)

125(52)
133(26)
121(46)
81(45)

115(91)
128(53)
287

141(61)
121(55)
106(41)

Principal
vector

wind
wind
wind
wind
animal
animal
animal
animal
nursery soil
nursery soil
animal
animal
wind
animal
animal
wind
wind
animal
animal
nursery soil
animal
animal
animal
wind
animal
animal
animal
wind
animal
animal
animal
animal

• fJative to the U.S. but not to Stolen Island (Buegler & Parisio 1982).
Total count is the number of individuals censused throughout the plantation Distance is the minimum mean travel distance (±1 SD) from
the nearest identified seed source to each plot where a recruit was found. Species without a distance value arrived in nursery soils or from
unknown sources.

plants to some attractive feature of the plantation. Cen-
suses of the Brookfield Landfill, where trees and shrubs
were never planted, indicate that some woody plants
were recruiting. Nineteen species were found, only six
of which were wind-dispersed (therefore, animal dis-
persal was occurring). Stem densities were relatively
low however, 145/ha, compared with 640/ha at the
Fresh Kills site. Judging by their sizes, approximately
half of the recruiting plants were recent seedlings, and
this roughly translates to an eight-fold lower rate of an-
nual recruitment on the unplanted site.

Another comparison was afforded by an experimental
woodland planted in 1976 on part of the Edgeboro
Landfill, East Brunswick, New Jersey (Gilman ct al.
1985). By 1990, this plantation had been invaded by a
great many new trees, shrubs, and vines—mostly native,
berry-bearing species, from nearby riparian forest rem-
nants (Robinson et al. 1992). Stem density of recruits

was about 3100/ha, or nearly three times that of the
original planted trees and shrubs.

Discussion

Restoration programs are often trial-and-crror endeav-
ors, but firmer ecological bases are being developed. For
example, recent studies indicate that the pace of resto-
ration and the development of wildlife habitat increase
with greater vegetation complexity (Gibson ct al. 1985;
Parmenter ct al. 1985; Schuster & Hutnick 1987; McKcll
1989). The natural value of revegctatcd landfills and
similar highly disturbed sites could be greatly improved
by landscaping with attention to this need for vegetative
complexity. The prospects for using restored lands to
enhance biodiversity are sufficiently strong to deserve
attention (Bradshaw & Chadwick 1980; Cairns 1988;
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T APPLYING AN ECOLOGICAL PERSPECTIVE
TO THE ENGINEERING OF LANDFILL FINAL COVER REVEGETATION

Aileen C. Smith, Karen L.S. Richardson, SCS Engineers and
Jeffrey L. Briggs, PhD., The Earth Technology Corporation

Introduction

Solid waste landfill facilities undergoing closure are giving increasing emphasis to the
role of the vegetative layer in the overall success of the final cover system. This paper
describes selected current revegetation research efforts, with the goal of defining
methods in which research findings can be adopted by the engineering community.
Benefits to the owner/operator and to the surrounding community can be achieved
through the use of innovative approaches for revegetation at closed landfill sites.

Final cover vegetation plays a vital role in erosion control and protection of the final
cover system. In addition to improving these functions, certain facilities are
investigating alternative cover types (native vegetation) and the application of ecological
principles to the closure system revegetation design. These efforts extend traditional
final cover system improvement concepts in an attempt to achieve "ecological
restoration" of closed landfill sites. The revegetation programs discussed in this paper
emphasize the use of native vegetation in the landfill closure system to facilitate:

• Establishment of the vegetative layer as an integral part of the final
cover through selection of vegetative species that are able to provide
design improvement to the closure system.

• Reduction in costs associated with long-term maintenance at the facility
by providing a vegetative cover that is adapted to local conditions and
capable of surviving and thriving at the facility.

• Creation of wildlife habitat and/or passive community areas for
recreation at the closed landfill facility.

(; Background

The premise of the revegetation research discussed in this paper is straightforward:
ecological principles that are focused on the establishment of a dynamic and sustainable
vegetative community can be Incorporated into final cover engineering designs to
enhance both the long-term stability of the cover system and to achieve ecological
restoration at closed landfill facilities. Post-closure success of the final cover depends,
in pan, on the capabilities of the vegetative layer and its ability to survive, grow, and
reproduce in the landfill environment.

Presented at the Sixteenth International Madison Waste Conference, September 22-23,
1993, Department of Engineering Professional Development, University of Wisconsin-
Madison.
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Role of Vegetation in the Cover System:

The use of vegetation for erosion control is a standard civil engineering practice.
Vegetative cover aids in erosion control through rainfall interception; physical binding of
the soil particles; decreasing the velocity of runoff; maintaining soil porosity; increasing
infiltration versus runoff; and through transpiration of soil moisture (Gray and Leiser,
1 982). Although the benefits that can be provided to an engineered system by a well-
designed vegetative cover are understood, this layer typically receives less focus than
the other cover system components in the engineering design. As increasing numbers
of landfills in the United Stales undergo closure and face the prospect of 30 years of
post-closure care, an increased emphasis should be placed on a healthy, end-use
compatible vegetative layer as a means of maintaining landfill cover integrity with a
minimal need for maintenance. Innovative research efforts at facilities emphasizing
revegetation provided methods for incorporating improved vegetative types as part of
the closure system design.

This paper discusses facilities that are researching the use of ecological principles in
landfill engineering design. The practice of ecological restoration on so-called "derelict"
land emphasizes the use of native vegetative species rather than introduced vegetative
types. Native species are those that have occurred historically and naturally in an area;
while the introduced species have been brought into the United States from European,
Asian, African, and other countries. Reasons for introducing species in the past have
included improved capabilities for erosion control, more resilient pasture grasses, and
increased selection for ornamental purposes such as lawns.

Introduced Species:

Traditional MSWLF closure in the northeastern and mid-Atlantic regions primarily
consists of establishing and maintaining a mixture of introduced herbaceous vegetation.
In these portions of the country, introduced species typically consist of cool-season
varieties, meaning that their major period of growth is during the cooler spring and fall
months. Over the years, these introduced species of grasses and herbaceous cover
(e.g., crown vetch) have been used for landfill closures because they are relatively
inexpensive, widely-available, and can establish quickly on the final cover slopes.

Introduced species, while often adapted to local climatic conditions, may not be suited
to the harsh stresses of the typical landfill environment. These species typically require
fertilization, liming, pesticide application, and mowing to achieve a quality stand.. The
high cost of maintenance needs to be balanced with the relatively low cost of initial
establishment to evaluate the real cost of using an introduced grass cover type in a
landfill closure.

Native Species:

Although introduced species have an established role in engineered slope protection
systems, the role of native species generally has not received equal attention. For the
purposes of the landfill closures discussed in this paper, native species include species
that are typical of native grasslands, such as Switchgrass and bluestems. Native
species, once established, can compete well'in the low-fertility, droughty (dry! soils
associated with closed landfill sites. To address increasing concerns with long-term
maintenance costs and landfill end-use, the use of native vegetation is being
investigated for its capability to provide a more successful, and sustainable vegetative
layer with a higher habitat value.
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Native species have not been used widely in landfill closures in the past, likely because
they can be more difficult to seed and are more costly than introduced species.
However, because native species are naturally adapted to a local environment, their
reduced maintenance requirements should result in significant lonQ-term cost savings
for owners/operators. One basic goal of current revegetation research efforts is to
study and document the long-term capability of native species to compete and survive
on closed landfill sites.

Overview of Current Revegetation Investigations

The majority of this paper is focused on the conduct of revegetation investigations at
the New York City Department of Sanitation (NYCDOS) Fresh Kills Landfill in Staten
Island, New york. Another facility discussed briefly in this paper is the Chester County
Solid Waste Authority ICCSWA) Lanchester Facility in Pennsylvania. SCS Engineers is
developing the engineering design of closure systems for each of these facilities.

Revegetation research initialed by the NYCDOS at the Fresh Kills Landfill is focused on
the use of native species for landfill closure and the development of methods for
successfully establishing these species as part of the 2,000-acre facility. Pilot projects
have been established at the landfill to investigate the role of native herbaceous
vegetation, shrubs, and trees as components of a successful landfill closure and
ecological restoration at the site.

The field-scale pilot projects have been designed, monitored, and evaluated by various
researchers under the guidance of NYCDOS. Experimental methods have been
described in conservation biology journals and other scientific publications. The
purpose of this paper is to summarize these experiments and their findings (to date) as
they relate to the engineering design of the landfill final cover.

The most recent series of investigations at the Fresh Kills Landfill, conducted by
scientists from Rutgers University in New Jersey (Handel and Ehrenfeld, 1991), are
examining the ability to reclaim highly disturbed land using native vegetation and the
principles of restoration ecology. The investigations by Rutgers and those conducted
by the final cover design team can be categorized as they relate to the following
engineering/revegetation design questions:

• Economic and design issues - Will the investment in quality soils and
vegetation at closure result in significant long-term savings through a
reduction in post-closure maintenance costs? Can a low-cost vegetative
layer be designed to achieve the performance objectives for the landfill
final cover system?

• Regulatory considerations • Are alternative cover types capable of
meeting design objectives such as erosion control and establishment of
the required density of vegetative cover? Do proposed alternative cover
types (specifically woody vegetation) achieve design objectives,
including protection of the final cover system?

• Ecological restoration end-use - Does the use of alternative vegetation
conform with'the end-uses designated for the facility?

The subsequent three sections of this paper focus on the pilot projects being conducted
at the Fresh Kills Landfill and their ability to provide answers to the above questions.
The sections are divided into an introduction, an overview of field pilot projects, and a
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discussion of the impact of the revegetation investigations on the design decisions for
the facility-

Budget and Design Issues

Introduction:

The capital cost of installing landfill vegetative cover needs to be weighed against the
long-term financial commitment involved in maintaining the cover system. As
previously discussed, characteristics of native grasses can make them more difficult and
more expensive to establish than the introduced species. Pilot projects have been
initiated for evaluating various vegetative establishment methods, species mixtures, and
the use of alternative soil amendments to improve cover quality. Long-term monitoring
of these pilot projects will allow comparison of the capital expenditure (establishment)
and the post-closure care (maintenance) of the different cover systems. Considerations
ior the establishment of woody vegetation are discussed later in this paper.

Pilot Projects • Herbaceous Cover:

Before vegetative enhancements, such as woody vegetation, could be considered at the
Fresh Kills Landfill, successful methods for establishing a native herbaceous (grass)
cover needed to be developed. Specific technical constraints at the facility included
expected low maintenance, no irrigation, fairly steep (2.5:1 or 3:1) slopes, exposure to
frequent high winds, and exposure to cold and heat. These factors increase the
likelihood of dry, low fertility conditions, which result in a corresponding increase in
stresses to the vegetation.

f
In order to respond to landfill conditions, native grasses were selected as the most-
suited cover type. Due 10 the difficulties associated with establishing native grasses on
slopes, the pilot projects were focused on developing successful seeding techniques
and species mixtures. The native grasses used in this research are warm-season
grasses (the name is derived from the fact that the primary period of growth of warm-
season grasses is during the warmer, summer months). The wide spread use of warm-
season native grasses generally has not been adopted on landfills because they can

• require two years to develop a stand density capable of providing adequate erosion
control. As previously discussed, "typical" landfill revegetation in this region uses the
introduced (cool-season) grasses.

Pilot projects included:

• Use of alternative seeding equipment. The "awn" on some warm-
season grass seeds can result in "f luffy" seeds which are difficult to
hydroseed. Improper addition of the seeds to the slurry can result in
uneven distribution, mixture, potentially clogging the hydroseeding
equipment. Native grass test plots were established using drill seeding,
broadcast seeding, and land imprinting to evaluate the success and
projected cost of alternative seeding techniques.

• Alternative hydroseeding techniques were investigated. The rate of
addition of the warm-season grass seeds to tho hydroseed slurry was
evaluated to determine if clogging of equipment could be prevented. In
addition, the use of a two-step hydroseed procedure (hydroseed
followed by mulching) was compared to the traditional one-step
procedure (simultaneous hydrosecd and hydromulch).
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• Use of a variety of seeding mixtures. The primary concern with warm-
season grasses on landfill slopes is the time period required for
germination. Test plots using warm-season native grasses in
combination with varying percentage of cool-season grasses were
established. The goal was to provide a rapid cover via the cool-season
"typical" landfill grass and a long-term cover of warm-season grasses.
The warm-season grasses included Little Bluestem, Big Bluestem, Indian
grass, Sand Lovegrass, and Switchgrass. The cool-season companion
grasses included Annual Rye and Sheep Fescue.

• Evaluation of alternative mulch materials. Hydromulching and hay
mulching were compared, as were various tackifiers and erosion control
netting products.

Pilot Projects - Soil Amendments:

Initial evaluation of soil amendments at the Fresh Kills Landfill involved a qualitative
analysis of the benefits provided by supplementing the organic content of the topsoil
layer. Composted leaf mulch was added to the pilot project soils to assess the effects
on seedling germination, growth, and density of herbaceous cover. When compared to
a control plot, the treated pilot project areas showed a definite improvement in both
germination and seedling survival. Because an on-site source of compost is available at
the Fresh Kills Landfill, studies evaluating the relative costs and benefits of various
types of organic amendments were not conducted.

At the Lanchester Facility administered by the CCSWA (Pennsylvania), a variety of
composted materials are locally available. To date, SCS Engineers has investigated the
qualities and costs of spent mushroom compost, yard waste compost, and sewage
sludge compost as part of a manufactured topsoil at this Facility. Each material was
surveyed in a desk top study relative to reported nutrient content, organic content,
cost, and horticultural value.

The focus of this paper is on revcgetation; therefore soil pilot projects are not reviewed
here. However, the successful establishment of vegetative cover cannot be separated
from the issue of the quality and depth of the erosion layer ("topsoil" layer) soils. With
respect to revegetation and long-term sustainability of the final cover, one of the most
critical aspects of the closure system design is the selection of the soils component of
the cover system. The erosion layer soils provide the primary moisture reservoir,
rooting zone, and nutrient source for the vegetative cover. The potential for decreasing
vigor of the final cover vegetation increases where an insufficient depth or quality of
soil is installed at closure.

Note that the 40 CFR Part 258 (Subtitle D) regulations present minimal requirements for
the landfill final cover soils. The closure criteria call for installation of a final cover
system that is designed to minimize infiltration and erosion, and require a "minimum of
6 inches of earthen material that is capable of sustaining native plant growth." A
research project focused on comparing vegetative survival for landfill facilities closed
with this minimal requirement versus those closed with an improved soil quality and
depth would benefit those facilities that have not yet undergone closure.
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Design Impact Evaluation:

The reveoetation investigations focused on improving the quality of the herbaceous
cover and the cover system soils. Evaluation of the pilot projects resulted in the
development of revised specifications at the Fresh Kills Landfill and the Lanchester
Facility. The basic findings of the pilot projects were that 1} native grasses could
successfully be established from seed in large-scale plantings, and 2) the quality of the
topsoil directly affects the success of the vegetative cover. The following pilot project
results were used to adjust the specification and seeding procedures at the Fresh Kills
facility:

• The results of the native grass plantings demonstrated that plots using
only warm-season grasses were not successful, as the loss of soil fines
and erosion on landfill slopes during the first year of closure were too
high to allow future seedling germination. Plots which incorporated a
companion grass (cool-season) were successful provided that a low
seeding rate (40 to 50 pounds per acre) was used. Low seeding rates
of the companion grass prevented overshadowing of the warm-season
grass seedlings. The current revegetation procedure at the landfill calls
for a combination of warm-season grasses and an overseeding with the
companion grass component.

• With respect to planting techniques, it was found that successful
hydroseeding of warm-season native grasses could be accomplished,
achieving both economic and design objectives for closure. The cost of
purchasing debearded (awn removed) seeds was recovered through the
use of hydroseeding, a relatively low cost seeding technique. The
technique for mixing the hydroseed slurry was adjusted to accommodate
a slower rate of addition of the seeds to the slurry. In addition, the one-
step process of hydroseed and hydromulch is no longer used, having
been replaced by a two-step hydroseeding and mulching process to
improve soil to seed contact.

• Other successful planting techniques included land imprinting and
broadcast-and-track seeding. Land imprinting requires specialized
machinery. Broadcast seeding is a widely-available technique capable of
seeding large areas. Standard broadcast seeding specifications were
modified as part of the test process to include tracking (using low-
ground pressure tracked equipment to incorporate the seeds lightly into
the soil surface, improving soil to seed contact) following seeding. This
approach enhanced seedling germination as well as aided in physical soil
erosion fsontfol during the germination period.

• The use of hay mulch with a tackifier was adopted to increase soil
moisture retention and protection from wind and water erosion.

• The minimum organic content of the topsoil layer was increased to five
and then to seven percent. The specification was expanded to allow the
use of compost materials rather than limiting the organic amendment to
peat humus. Testing requirements for the topsoil and amendments were
increased to evaluate the soluble salts, potential contaminants, nutrient
content, and other aspects of the quality of the selected compost
amendment.
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Regulatory Considerations

Introduction:

As required by the regulations, the final cover vegetative layer should provido erosion
control and protection of the final cover system. Test plots designed to examine the
germination rate and density of alternative (native) herbaceous vegetation and the use
of woody vegetation on closed landfill slopes are being evaluated. The use of non-
traditional cover types to meet other objectives (e.g., post-closure care cost reductions,
ecological restoration) will only be successful where the alternative vegetation meets
the regulatory performance standards.

Pilot projects evaluating the success of different herbaceous cover types in the landfill
environment were discussed earlier. The intent of this section is to address the general
regulatory prohibition concerning the use of woody vegetation on landfill final cover
systems. A basic objective of the work being conducted at the Fresh Kills Landfill is to
demonstrate the benefits of woody vegetation for use in landfill closure systems, and to
evaluate the ability of woody vegetation to provide protection to the underlying cover
system.

Slates generally require owners and operators to prevent the establishment of woody
vegetation on the landfill final cover. From a regulatory perspective, the primary
concern is the potential for woody vegetation roots to penetrate the landfill cover
system and allow water to infiltrate into the underlying waste. An increase in
infiltration would increase leachate generation at the facility- Additional concerns with
woody vegetation include the potential for 1) the weight of the vegetation to cause a
downward, destabilizing stress and 2) windthrow, or the action of wind in large storms
causing a twisting of the roots, resulting in either destabilization of the final cover soils
or a possible uprooting of the vegetation (Grey and Leiser, 1982).

The potential negative impacts of woody vegetation are given significant attention,
whereas the positive factors provided to the landfill slope stability by woody vegetation
are less frequently presented. In requiring the removal of woody vegetation from closed
landfills, the capabilities of this type of vegetation in slope stability also are removed.
According to Shields and Gray (1992), woody plants help to prevent mass-movement
and shallow sliding in slopes. The positive role that woody vegetation can play in slope
stability include mechanical reinforcement of a soil and control of the soil moisture
regime.

•;
Pilot Projects • Root Penetration Test Plots:

Root penetration test plots have been established at the Fresh Kills Landfill to
specifically monitor the behavior of roots in the final cover soil system. The pilot
projects were established in an area with approximately twenty-four to thirty inches of
soil over a clay infiltration layer. The June 1992 plantings of woody vegetation
included a total of 17 shrub and tree species installed on a selected landfill side slope,
with individuals of each species planted at varying points along the slope gradient to
account for differences in moisture content and soils. The 17 species were selected for
their variety of "typical" root growth patterns.

In the fall of 1992, ten individuals of each of the seventeen species were excavated to
examine the root architecture. No root systems were observed to be in contact with
the clay layer at that time. An additional 340 individuals are targeted for excavation in
the fall of 1993, and the two-year study results will be available in 1994.
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Design Impact Evaluation:

Much of the ecological restoration research being conducted at the Fresh Kills Landfill
(see below) involves investigation of low-cost successful methods for the establishment
of woody vegetation on the landfill cover. Rutgers University researchers anticipate
that root penetration will not pose a problem, due to the ability of root systems to adapt
their growth structure to respond to site soil conditions. Tho results of the root
penetration studies will be evaluated to determine any final cover design alterations that
are required to support the restoration objectives (e.g., greater soil depths).

Ecological Restoration End-Use Objectives

Increased attention has been given to the proposed end-use of closed landfill sites.
End-use is an especially important issue where significant land use pressures have
reduced available open space. For this reason, facilities in the northeast, mid-Atlantic
and other regions have begun to look at the resource potential of closed landfills.

There are many types of end-uses that have been considered and implemented at
closed landfill sites across the nation. Facilities have used closed landfills for leaf and
yard waste composting operations; baseball fields and other active recreation facilities;
buildings; passive recreation facilities; and other uses. One end-use being researched at
the Fresh Kills Landfill through the series of pilot revegetation projects is the restoration
of native habitat to the landfill. Establishment of part of the 2,000-acre site as an
ecological community will provide vital links (corridors) between the facility and
surrounding wildlife refuges and tidal/freshwater wetlands. The establishment of native
habitat would provide passive recreational opportunities for the surrounding community.

One rr\3jor component of ecological restoration at the Fresh Kills Landfill is the
development of techniques to establish a self-sustaining native forested community.
Current regulatory concerns with the establishment of woody vegetation on closed
landfills were discussed above. The demonstration plantings at Fresh Kills are
examining whether a cost-effective method for establishing a desirable, self-sustaining,
native woodland community can be achieved through the closure planting design,

Pilot Projects • Woody Vegetation:

In addition to the root penetration pilot projects discussed earlier, woody vegetation
pilot projects at the Fresh Kills Landfill include:

• Field investigations to test the feasibility of introducing woody
vegetation by direct seeding, including studies of the effects of
herbivores on woody vegetation seeds and seedlings. The cost savings
that could be achieved via establishment of trees and shrubs from seeds
(as opposed to planting of nursery-grown shrubs and saplings) would
increase the feasibility of restoration at the facility. For the pilot
projects, seeds from 27 species of native trees and shrubs were
collected and planted (over 15,000 seeds in total). Evaluation of the
findings resulted in identification of 8 species that are well-suited to
establishment by direct seeding, and an additional 8 species that would
likely germinate successfully with some seed preparation prior to
planting. The physical preparation and quality of the soil substrate plays
a role in successful seedling establishment (DeSteven, 1991). The
effects of herbivores on the seeds and seedlings were evaluated to
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determine any protective measures that would be required in conjunction
with future plantings.

• Evaluation of forest restoration and the reproductive ecology of woody
vegetation on closed landfill sites, and investigations of methods for the
stimulation of woodland restoration. The ability to restore woodland in a
low-technology and low-cost manner is dependent on the ability of the
vegetation to reproduce and spread in the landfill environment.
Reforestation of entire portions of the landfill using traditional landscape
techniques would be prohibitively expensive. The pilot projects are
investigating the establishment of clusters of plantings (rather than
higher density continuous plantings) for their ability to serve as seed
sources and bird/mammal attractants for the encouragement of plant
reproduction. Clusters of different sizes, distribution, and species
composition have been established (fall 1992) and will be evaluated for
their ability to achieve successful, low-cost restoration (Robinson, et.
al., 1991).

Because a landfill represents an artificial system, the absence of natural soils.and an
existing ecological community makes it difficult to predict the ability of a man-made
plant community to be self-sustaining. The Fresh Kills pilot projects investigate the cost
and the methodology required for successful ecological restoration at the facility. The
ecological findings of the studies will be published by Rutgers University researchers
following evaluation of the studies.

Conclusion

The primary objective of a landfill revegetation program is to function as part of a stable
cover system, minimizing erosion and soil loss. Findings of revegetation research
indicate the importance of integrating the planning and design of the revegetation
program with the other components of the final cover, especially the final cover soils
layer.s. Vegetation is a component that can work in conjunction with the other layers to
improve the overall success of the closure and reduce costly maintenance during the
post-closure care period.

Pilot projects are being conducted that will increase the available design standards for
achieving low cost and successful closure projects. It is hoped that ecological
principles based on self-sustaining natural communities can be integrated in engineering
design, thereby expanding options for achieving design, regulatory, and end-use
objectives at closed landfill facilities.
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THE PLANT COMMUNITIES ON FOUR LANDFILL SITES, NEW YORK CITY I
NEW YORK •

Richard Stslter I/ I

ABSTRACT

The plant communities at four landfill sites, New York City, I
New York, were examined during tha summer and fall of 1983. The
vegetation at each site was sampled by the quadrat method to de-
termine species composition and dominance. Artemisia vulgaris and I
Phragmites oommunis were the dominant species at all sites. Add- •
itionaa members of the gramineae and compositae were locally dom-
inant or common at each of the four study sites* Fires of high |
intensity in the Phragmites dominated areas may be the most im- |
portant factor in maintaining the present assemblage of vegetation,
other factors of importance ere: time of disturbances proximity _
to seed sources, and species providing seeds; soil texture; local I
variations in topographyf presence of a permanent or seasonally •
high water table, drought; the nature of the fill material; the
activity of small mammals, especially meadow voles and rabbits; |
allelopathy; local mowing; and local soil disturbance by motor |
vehicles. In the absence of defined maintenance procedures, the
future composition of the vegetation at each landfill cannot be B
predicted with' certainty. I

INTRODUCTION

The plant communities at four landfill sites in New York |
City, New York, were examined during the summer and fall of 1983.
All four landfill sites were constructed on land formally occ- m
upied by salt marsh species. The four landfill sites include one I
active site, the barge-fed Fresh Kills Site on Staten Island, one •
"inactive" Site; the Pennsylvania Ave. Truckfill; and two re-
cently closed landfills, the Idlewild Truckfill end Marine Park •
Truckfill. Inactive sites may receive from 1OOO to 2,000 tons •
of debris/day; closed sites receive no additional fill materials
(11). I

The Idlewild Truckfill site. Queens County, New York, CSite 1) •
is located south of 140th Ave., North of Rockaway Blvd. east of
Brookville Ave,, and east of Springfield Rd.. This site, encom- •
passing 133 acres, was used for construction wastes from 1969 •
to 19?H« Sand from the site was used as cover material. This
site was closed in 1974, and was re-vegetated by natural seed m
sources. •

The Marine Park Truckfill Site, (Site 2) is located in Brooklyn, _
west of Platbush Ave. and Floyd Bennett Field. The southern portion •
of the site is bordered in part by Rockaway Inlet. This facility •

I/ Director of the Environmental Studies Program, St. John's
University, Jamaica, NY 11439

voc.

I
I
i
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comprising 726 acres, (of which 18*t are undeveloped park lend)
was used for construction waste. Cover material was salvaged
soil and sand. After the site was closed, natural vegetation was
allowed to invade the area*

The Pennsylvania Ave, Landfill, (Site 5) comprising 110
acres, is located in Brooklyn directly south of the Fountain Ave.
Landfill. It is bordered to the north by the Belt Parkway, to
the east by Hendrlx Creek, and to the south by Jamaica Bay, and
the west by Fresh Creek. Opened in 1956, this landfill was re-
legated to inactive status in 197̂ . The Pennsylvania Ave, Site,
classified as "inactive" receives from 1000 to 2000 tons of dem-
olition debris per day per year. At the present time the site
consists of two plateaus; 40 feet high, and 80 feet tall respec-
tively. The final plan calls for contouring with construction
waste to plateau levels of 80 and 165 f««t respectively. Cover
material for this landfill has been sand and * approved soil11.
When this site is closed it will be managed by the Gateway Unit
of the National Parks Service.

The Fresh Kills Landfill, (Site 4) comprising 2200 acres,
presently handles more than one half of the city's total refuse,
This site was opened in 1948. Clay is used as cover material here.

Construction and depth of the materials placed in the land
fills is similar. Prior to 1962, every 10* to 20' of refuse was
covered with 4" to 6" of soil. After 1962, six to nine inches
of approved soil were used to cover every 10* to 20' of refuse.
Approved soil or approved cover material consists of a mixture
of gravel, sand, silt, a loam and clay* This soil classification
conforms to ASTM Standard D-2487-69 "Classification of Soils for
Engineering Purposes" (11).

The Department of Sanitation, City of New York, has provided
outside contractors with specific instructions for reseeding of
their active landfills. Mulch will be applied to- all seeded areas.
Perennial ryegrass, timothy, Kentucky 51 Fescue, Sheep Fescue,
Reubens Cana Bluegrass and little Black Sunflower seed will be
used to rcvegetate the area at 125 Ib./acre. To stimulate and
enhance seedling developement. 10-10-10 Fertilizer at 800 Ibs./acre,
and wood fiber mulch at 1500 Ibs./acre will be applied during seed-
ing. Seeding will occur between Karch 1 and April 15th or Sept. 1
through October 31. Steep sides of landfill sites will be held
in place with Jute Mesh (13)*

The present study was conducted to describe the plant comm-
unities on four landfill sites in New York City, New York. A
second objective was to record the phenology (time of flowering),
abundance class, and dominance of species occurring at the four
landfill sites.



Phragmites communis Is the dominant species at the Marine
Park Landfill. Phragmites produces new growth in early April

tance include Festuca rubra« Poa spp., Agroatis alba end Agropyron
repena_. By mid August. Ambrosia artemla iif ol ia is the dominant
species on disturbed ground paralleling the sidewalk at Flatbush
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MATERIALS AND METHODS 1|

Thirty (one meter2) quadrats were established at each of the
four landfill sites, and abundance classes for each species was fl|
recorded. Sampling was initiated in June, 1983 and continued at •
six-week intervals terminating on October 5, 19Q3. Phenology
(flowering date) and abundance classes were established for each g.
species at each of the four sites from June to October. Abundance m
classes for each species at each study site are presented in Tablel. m*

RESULTS AND DISCUSSION ||

IDLEVILD TRUCKFILL
~ Ki

Artemisia vulgaris is the dominant species in the upper road-
lleiside border of the Idlewild Landfill while Phragmites is dominant

in the inner lower portion of this site. Phragmitea covers more
than three fifths of the landfill. The other species found here •
are unimportant (Table 1). *

MARINE PARK TRUCKFILL I
Park Landfill. Pnragmites produces new growtn in early April _,
and is the dominant plant at this site. Other species of impor* •
+ a-nr*o * mi*"! ni^e C^a+ti^o -wiKno . Prta «r»r»_ AffTV»af:<« nl h» find A«rr>O10VT*on W

Ave.. Artemisia vulgar is is common in the mown path cut through f
Phragmites. Other important species on disturbed portions of
tiie Marine Park Truckfill are noted in Table 1 by an *. Tree «
species are infrequently represented by Prunua serotina. Populus I
tremuloldes and Ailanthus altissima. Mvrica •pennsylyanica. a frut- m

escent species, is an occasional occupant of this site.

THE PENNSYLVANIA AVENUE TRUCKFILL I

Artemisia yulgaria is the dominant taxon covering most of g
outer berm at the Pennsylvania Avenue landfill. Phragmites communis I
covers 1009$ of the portions of the southwest portion of the land-
fill. Br^mus japonicus is another conspicuous member of the herb-
aceous stratum especially along the disturbed roadside during I
May and June. Salt marsh species occur on the border of Fresh Creek. I
These plants, listed in order of their elevation above datum, (mean
low tide level) are: "' -"' " --------- - — '- *-

but not highly saline areas, is not a salt marsh plant and will
not grow in waters where salinity exceeds 10 /bo for long periods
of time. Like the other landfills, few trees are found here. These 1
include: Pnmua nftrM-.lna. Atlanthus al-hlasima. Minis alba and sev- •include: Prunus serotina. Ailanthus altiasima. Morus alba and sev-

Phe ornamentals are Toea1eral planted ornamental species. Tne ornamentals are located on
the beltway border. I

By early August, Panlcum yirg0tum is in fruit and flower.
This species is the dominant̂  pi ant on the lower half of the south- _
west portion of the landfill berm. Disturbed roadsides on the land- I
fill are vegetated by Erigeron canadenais while the center of the •
road is populated by Agrostts~hy_em'alis. froro August to October.
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The roadside border is brightened by fall-flowers e.g.
Aster ericoideg and an occasional Solidago sempervirens. Solidago
will flower Wrough October; some individuals will flower iJi
November. Digitaria sanguinalis and Ambrosia artemiaiifolla are
additional dominant members of the disturbed roadside community.

FRESH KILLS LANDFILL

The Fresh Kills Site is the largest most active landfill site.
The recently constructed berroe are subject to severe erosion, which
binders colonization by plants. Common species invading the berm
Include: Helianthus annuus. Polvgonum spp.. Artemisia vulgaris.
Erigergn oanadeasls. and Phragmites communis*In September,
Artemisia is dominant on portions of the berm, and is the dominant
plant between the berm and the cyclone fence bordering the site.
Another dominant taxon, Phragmites. often forms dense thickets in
certain erees. Spartlna eTterniflora occupies land that is inun-
dated daily by the tides.

Although the dates of final closure, size of the landfill site,
and maintenance techniques vary from site to site, two species,
Artemisia vulgaris and Phragmites communis are dominant at all sites

I
I

I

I

aris and Phragmites communis are dominant at all si
nizes a site more rapidly than Phragmites. favoringArtemisia colo:

drier soil conditions than tall reed. Phraproites eventually assumes
isand maintains dominance, where the water table is near or at the

surface of the ground for long periods of time.

The vegetation on the landfill sites is similar to that on
vacant lots in New York City (4). Artemisia vulgaris is a common
plant on vacant lots in the Bronx, New York. Artemisia is accom-

?anied by seventy two weedy species, many of which are similaro those observed on landfills. Species common to vacant lots and
landfills include: Phragmites communis. Polvgonum spp.. Trifolium
spp. , Helianthus annuus . grigerorT canadens is . Helilotus alEaT
Tonbrosia artemisiTfolia, Chenopodium albxST"end many others (4).

Personal observations in a variety of study areas and copius
references in the literature indicate that there are a multiplicity
of factors responsible for the present assemblage of vegetation
at each landfill. These factors include the time of disturbance
(2.4), fire (7.8,9), The nature of the fill material (3), soil
texture (9, 10), presence of a permanent or seasonally high water
table, drought (9), proximity to seed sources (3), looal variations
in topography (3), the activity of small mammals, especially the
girdling activity of the meadow vole and selective feeding on stems
and twigs by rabbits during severe winters (6), allelopathy (5,8),
local mowing (10), and local soil disturbances by motor vehicles
(10). The importance of the aforementioned factors in maintaining
plant populations end or effecting plant succession has been dis-
cussed In detail in the proceeding references. The importance of
each factor is variable since not all factors exert the same amount
of influence each year or each season (9)*

Fire has played an important role in maintaining the present
assemblage of species. Data from the N.T.C.F.D. for a five year
period, 1978 through 1982 Indicates that fire frequency at land-



1
fill sites is high, ranging from 3 fires in 1978 to 50 fires 1
in 1979 (12). March and April ere the months when fires are most I
frequent. During March, April and May, clear warm days with low
relative humidity coupled with strong winds will produce conditions •
conclusive to severe fires, especially where Phragtoites is dominant* I
Dry deed culms of Phragmltes may reach 10 feet tan, and provide
excellent fuel for fires.Personal observations on Canarsie Pol
and Floyd Bennett Field indicate that all shrubs and most trees I
are killed by fire in Phragmltes dominated areas. Fire will pro- I
bably always be present on landfill sites and is a very important
factor in maintaining the present assemblage of vegetation. |

The topography at each site is varied. The steep sides of
the man-made berms produce highly unstable soil. The bertas are t
exposed to the sun and wind and dry out more rapidly than level I
portions of the landfill. Rain caused erosion on the berms at the *
Fresh Kills Site, washes soil from the berm to its base. Plants
have a difficult time getting established under these conditions. I
Helianthus. Ambrosia and Polygonum app. are common berm colonizers. |
These annuals are replaced by Artemisia yulgarjs. an aggressive
perennial that is well adapted to drought and sterile soil..Artemisia v
may produce allelopathic products, that prevent or inhibit t E e I
invasion by other species. *

The Gramineee and Campositae that are found on or near landfills I
produce a prodigious amount of wind-carried seeds. These taxa can I
rapidly invade the landfills. The few invading trees and frutescent
species also produce wind-blown seeds e.g. Populus and Ailanthus. •
In addition, birds have carried seeds of Prunus, Rhus. and Phrrica to I
the landfills. Germination of seeds may be enhanced after the seeds
have passed through the bird's digestive tract.

Variability in the numbers and kind of species at each site I
might reflect: seasonal availability of seeds; annual variation
in weather, extreme drought and local variation in soil and dis- •
turbance. These aforementioned parameters are probably responsible |
for the mosaic of plant communities that arc found at each study
site (9, 10).

Another factor influencing species composition is the type •
of fill material placed at each landfill. For example, a mix-
ture of cement, plaster, gypsum, and lime may produce a higher |
pH in certain portions of the site. The higher pH might reduce |
nutrient availability which might excluding certain species favor-
ing Phragmites (3). .

Data in the present study indicate that few woody species have *
been successful invading each study site. The oldest site, the
Marine Park Landfill,is dominated by Phragmites. Frequent Phragmites 1
fires may produce temperature high enough to kill large trees, a |
speculation verified by observation of fire killed birch, cherry
and poplar trees in a Phragmites dominated portion of Floyd Bennett «
Field in June, 1983. Above ground growth of bayberry,Myrica pen- I
svlvanica.was also destroyed by thie fire; however, Myrlca produced "
copious root sprouts after this burn. Observations by the author

I
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of severe fires in brackish and freshwater marshes in the south-
eastern United States in abandoned rice fields have prevented
arborescent species from invading these areas (1). Future
vegetation at the Marine Park, Penn Ave., and Idlewild will
probably be similar to the vegetation present at these sites
today if fires are allowed to burn unchecked in the future.

Many old field species and marsh species are common at the
landfill sites. Dominant species ere somewhat similar to the
vegetation observed on abandoned lots in the Bronx, New York (3),
on the roadsides of the Long Island Expressway within New York City
(10), yet differ from species on old fields in New Jersey (2),
or Herapstead Plains, Long Island, New York (10).

It is difficult to predict the future vegetation of each land-
fill. If the crowns of the Pennsylvania Ave. and Fresh Kills
landfills are seeded anfi maintained "by mowing, grasses.will dom-
inate these areas. The steep sides of the berms at the Fresh Kills
Landfill are unsuited for mowing, Artemisia may probably assume
early dominance on the berms at the Fresh Kill landfill. Success-
ion to a shrub or shrub-tree climax on these areas may be slow.
Areas where Phragmites dominates today may well be dominated by
Phregmites in the future, especially if severe fires continue to
ravage the area. With a multiplicity of factors repsonsible for
the present assemblage of vegetation, and the uncertainty of how
these areas may be maintained in the future, succession in a
directional sense is uncertain. Unpublished work by the author
at Fort Tilflen, New York and observations at Floyd Bennett Field,
New York represent areas similar to the landfill sites and may
provide clues to successional trends. On higher drier areas that
are protected from burning, shrubs, e.g. Myrioa -Pennsylvania.
Prunus maritime. and Rhus toxicodendron may become established as
they have at nearby Fort Tiiden and Floyd Bennett Field. Prunua
serotina. and Amelanchier canedensis may follow frutescent species.
Fopylus 'and Ailanthus nay be locally dominant. Howeveri succession
with eft oak dominated hardwood forest may never occur or may take
far longer than succession on fallow farmland in near-by rural New
Jersey(2).

I
I
I
\

I
I
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Table 1. Species composition end dominance as determined by abundance
class for species on four landfill sites, New York City, New
York. See introduction section for site location. Data were

Species

Artemisia vulgaris
Phragmites communis
Agropyron rep ens
Apocynum cannebinum
Helianthus annuua*
Polygonura cuspidatum
Asciepiae syriaca
Daucus carota
Melilotus alba
Melilotus , off icinalis*
Ambrosia trifida*
Panicum virgatum
Andropogon scoparius
Bromus japonicus
Allium vineale
Bromus mollis
Poe elatior
Poa compresse
Agrostis alba
Cenchrus tribuloides*
Linaria vulgaris*
Rumex acetosella*
Agrostis hyemalis
Panicum lanuginosum*
Triplasis purpurea*
Heterotheca subaxillaris*
Ambrosia artemisiifolia*
Erigeron canadensis*
Digitaria sanguinalis*
Eleustne indica*
Pestuca rubra
Lepidium virginicum*
Chenopodium album*
Polygonum spp.*
Xanthium echinatum*
Erigeron annuus*
Setaria spp.*
Aster ericoidee*
Convolvulus sepium
Pagopyrum sagittatum
Lactuca scariola*

June
Study Sites
1 2 3 4

5 1
5 5
2 2
2
2
1
1
1
2
1
1

*

1

2
1
1
4
4
4

1
2

2

5

5 3
5 4

2

3 4

1 2

2

4 2

1

1
1
1 3
1

1
1
3 4
1
1

1

1

3

August
Study Sites
1 2 3 4

5
5
2
2
4
1
1
2
2
2
1
2

2
5
3

2
1

rr

4
4
1

2
2
3
4
1
1
2
1
5

5
5

2

1

5

5

1
2
3
2

1
2
1

1

5
5
2

4

1

1

1
1

3

2
1
1
2
2

September
Study Sites
1 2 3 4

5 5
5 5
2 s%2

2
1

1
1

2
3
2

3
4
4
1

2
2
3
4
4
3
3
3
4

5
5

5

5

2
3
2
3

1
2
1

1
1

5
5
1

2

2

2

2
4
1
2
1

* indicates species occupies disturbed soil

Abundance Class
1 rare or from 1 to 20 percent
2 occasional or from 20 to U.O percent
3 frequent or from ij.0 to 60 percent
14. common or from 60 to 80 percent
5 abundant or from 80 to 100 percent

I
I
I
I
I
1
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ABSTRACT

Stone, E.L. and Kalisz, P.J., 1991. On the maximum extent of tree roots. For. F.cot. <\fanage.. 46: 59-
102.

Based on l i terature reports, personal communications and our own observations, m a x i m u m v e r t i -
cal and radial root extents were tabulated for various woody species, pr imar i ly forest trees and shrubs,
and horticultural trees. Data were summarized for 49 families, 96 genera and 21 1 species, as well as
for forest stands composed of mixtures of species. These data demonstrate the inherent capability of
many species to develop deep or far-reaching roots in the absence of res t r ic t ive soil or substrate char-
acteristics. These data also suggest that extensive roots may play a more impor tant role in uptake of
water and nutrients than indicated by their density alone, and that ac tua l , rather than assumed, root
extent must be evaluated on a site-specific basis to provide realist ic est imates of ecosystem properties
and processes.

INTRODUCTION

The downward penetration of tree roots is commonly limited by mechani-
cal impedance, by anoxia, by dry subsoils or, in cold regions, by very low soil
temperatures or permafrost. The first two are widespread in soils of recently
glaciated regions of Europe and North America. Most earlier studies of tree
roots were conducted on such soils, giving rise to generalizations about the
inherent rooting depth of species that still persist in the literature.

Soils with poorly aerated or dense layers or that are shallow over impene-
trable bedrock occur in all climatic regions. The origin and location of such
barriers are diverse. Commonly, they act either through (a) mechanical ef-
fects, preventing root entry or survival; or (b) some degree of poor aeration,
resulting from slow hydraulic conductivity in combination with topographic
and precipitation features. The latter (b) may be continuous, seasonal or ep-
isodic, but the two types of barriers often occur together. Their effects may be
either absolute, preventing root entry or survival, or restrictive in various ways,
such as sharply reducing root numbers, maximum size or longevity. Where
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aeration per se is not controlling, however, roots that penetrate a thin or dis-
continuous barrier may proliferate below.

In most forest soils studied, the number, length or surface area of fine and
very fine roots (however defined) diminish rapidly from the surface or near-
surface layers downward. With some important exceptions, most l i terature
reports have been based on shallow (less than 1 m) pits or sampling depths
which could not reveal any deep penetration or secondary increase in fine
roots.

Emphasis on roots in the surface 10-100 cm is to be expected given the
roles of holo-organic or organic-enriched layers in water entry and storage, in
retention and mineralization of nutrients returned in plant litter and in initial
establishment of all non-epiphytic species. This emphasis is reinforced by nu-
trient concentration data and, in the USA, by many empirical relationships
(Carmean, 1975) between site quality and thickness or other characteristics
of the surface layers.

The density of absorbing roots (number, length, etc, per unit soil volume)
strongly affects initial rates of water and nutrient uptake and likewise com-
petition among plants with roots in the same soil volume (Sands and Nam-
bier, 1984). Density or derived values figure in attempts to model uptake
rates (Barber, 1984). Long before such evidence was available, however, the
relative contribution of a soil layer'was assumed to be in some degree propor-
tional to its fine root density. This assumption persists despite a long history
of contrary evidence, such as the early observations of Partridge and Veatch
(1932) and Viehmeyerand Hendrickson (1938) , Gardner's (1964) empha-
sis on the presence rather than numbers of roots as influencing water uptake
from a given soil volume, and comparative studies of tracer uptake (Ogus
and Fox, 1970).

An unfortunate consequence of the above assumption, however, is an ex-
clusive attention to the upper soil layers, usually to depths of less than 1 m, in
most studies of nutrient sources, sinks and losses. With some exceptions, both
the guiding concepts and techniques employed still ignore possible influences
of deeper soil layers. This is surprising in view of the well-documented im-
portance of deep roots in water uptake, as noted later.

Likewise, the role of far-reaching lateral roots in water and nutrient uptake
is usually ignored except with arid-land species, yet a widespread root system
is a means of exploiting sparse or irregularly distributed resources and, as a
practical matter, may demand wider borders to isolate experimental or study
plots than generally considered sufficient.

The purpose of this review, then, is to demonstrate the great vertical and
radial distances to which roots of many species extend in favorable circum-
stances and to suggest that root extent must be actually evaluated on a site-
specific basis, rather than assumed, if nutrient cycling or forest ecosystem
studies are to be realistic.



'̂ £3E£'

. KALISZ THE MAXIMUM EXTENT OF TREE ROOTS 61

ne and
r near-
:rature
depths
in fine

•en the
age, in
initial
by nu-
mships
eristics

) lume)
e com-
l Nam-
uptake
v'er, the
)ropor-
history
Veatch
—nha-

ike
\Ogus

; an ex-
1 m, in

is, both
luences
ted im-

uptake
system

ad, as a
)r study

ical and
circum-
n a site-
;>system

PROCEDURE

We compiled accounts of what appear to be the greatest known depths and
radial extent of roots of tree species and some wildland shrubs. Three sources
were drawn upon:

(1) other reviews, largely reporting evidence from observation or
excavation;

(2) published accounts of original research based on observations, exca-
vations or soil cores, or on tracer uptake or measured changes in soil moisture;

(3) unpublished evidence, largely based on observations and excavations,
either by us or by others who, in the main, were known to us.

We omitted as commonplace values of less than 1.5m depth or 7.0 m ra-
dius except for young trees or as smaller values brought to notice otherwise
unremarked species, substrates or methods. Probably all large tree species ex-
ceed these minima under favorable conditions. We omitted 'average' or typi-
cal values wherever maxima were given. An additional number of values were
omitted because species or vegetation type were unknown or because of other
uncertainties, or because they essentially duplicated listed values.

Occasional reports refer to actual length rather than radial extent of lateral
roots. These were omitted, or rescaled from the diagrams given, or are specif-
ically identified where included in Table 1.

Descriptions of tree size or age and soil characteristics in the original ref-
erences were highly variable in detail or sometimes lacking. We have imposed
a simple codification of size, substrate and methodology, so far as these could
be ascertained.

Throughout the text, mention of species refers to entries in Table 1, unless
otherwise indicated.

RESULTS AND DISCUSSION

Generalities

The data of Table 1 represent too great a variety of substrates, investigative
techniques, and sampling intensities to allow valid comparisons among spe-
cies. The largest values are probably near the maxima achievable under field
conditions whereas many, perhaps most, of the smaller values certainly are
not.

Table 1 supplements other summaries (Biisgen and Munch, 1929; Lyr and
Hoffman, 1967;Armson, 1977; Hansen, 1981) demonstrating that some spe-
cies extend roots rapidly in youth. Thus, the radial spread of Tournefonia
argentea was 18 m at age 3 years after natural seeding, and that of Pinus el-
liottii was 9.8 at age 5 years after planting. The depth of Pinus radiata was
over 2 m at 1 year after planting with intensive culture, and 2.6 m at age 4



TABLE I

Reported maximum rooting depths and radii of selected irccsand shrubs (see end of table for abbreviations)

Species Age ( years ) or
height (m) or
DBH ( cm)

Substrate
( m )

Maximum Evidence Reference

Depth
( m )

Radius
( m )

GYMNOSPERMS
Araucariaceae
Agaihis australis Salisb.

Cupressaceae
Cupressaceae
Cupressus lusitanica Miller
Cupressus macrocarpa Hartw.
Juniperus monosperma (Engelm.)

Sarg.
J. monosperma
J. monosperma
Juniperus procera Endl.
Juniperus scopuloruni Sarg.
Juniperus virginiana L. (W)
/ virginiana (W)
J. virginiana
Thuja plicaia Donn.
7. plicaia
T. plicaia

Pinaceae
Abies alba Mill .
A. alba
Abiesbalsamea (L . ) M i l l .
Abies lasiocarpa ( H . ) Nul l .
A. lasiocarpa

Mature sicl >3.6 O

15-25m
8 years
1 3-20 years
-

_

_
-
25 years
34 years
Mature
Mature
> 30 years
63 years
9m

30 years
Mature
< 1 80 years
180-200 years
20-25 m

c
1
sl/sc
r.wi

mine.r
r
-
c
Loess
cl.sl
sil/c
sil
s
Peal

Heavy
1
Coarse
-
grsil /coarse

_

4.9
4.6

19.8

>61.0
21.2
-
-

2 2

>7.6
-
-
-

-

1.5
1.5
3.0
1.5

>4.0

20.0
-
-
-

_

-
12.0(1)
7.0
9.2
6.1

10.1
avg.10.0

10.0
6.4

_

-
-
14.0

R
C,W
E,W
Tr

O
Tr
E
E
E
E
Tr
E
E
E

R
R
E
E
O

F. Morrison (personal communication, 1962)

Cutler and Richardson ( 1 9 8 1 )
Hosegood and Howland (1966)
Pereira and Hosegood ( 1 9 6 2 )
Cannon and Starretl ( 1 9 5 6 )

Cannon (1960)
I n K J e i n h a m p l a n d Kotc!T( I960)
Glover (1952)
Bunger and Thomson (1938)
Sprackling and Read ( 1 9 7 9 )
Bunger and Thomson (1938 )
Brown and Woods ( 1 9 6 8 )
E i s ( 1 9 7 4 )
Eis ( 1987 )
Riggand Harrar ( 1 9 3 1 )

Rohrig (1966)
Kostler el al. (1968)
S c h u l t z ( l 9 7 8 )
T.W. Daniel (personal communication. 1979)
R.F. Fisher (personal communication, 1988)

o

z
o

r-

Larix decidua Mill . 7-8 years 3.3 i l i> nnri \W,,,.,I I I n £ o ,



A. lasiocarpa 20-25 m grsil/c/ >4.0 O R.F. Fisher (personal communica t ion ,

Larix decidua Mi l l . 7-8 years si
L. decidua 90 years Is
L. decidua - Chalk, r
Larix laricina (DuRoi) K. Koch - s
Larix leptolepis (Sieb&Zucc.) 30 years s/1

Cord.
Larix sibirica Ledeb. 24 years 1
Picea abies (L. ) Karst. 4 years sicl
P. abies 30 years Various
P. abies 46-77 years Moraine
P. abies Mature Is
P. abies - Moraine
Picea engelmanniiTarry ex 20-25 m grsil/coarse

Engelm.
Picea glauca (Moench) Voss < 180 years Various
P. glauca 40-50 years si
P. glauca K 180 years Loess
P. glauca 12m s
Picea mariana (Mill) B.S.P. - Peal
Picea silchensis (Bong.) Carr. 100-200 years -
P. silchensis
P. sitchensis - Peat
Pinus banksiana Lamb. 32 years cl
P. banksiana 14m s
P. banksiana 18m
P. banksiana - Is
P. banksiana - s
Pinus caribaea Morelet 16 years s
Pinus clausa (Chapm.) Vascy 40-60 years s
Pinus contorta Doug. 90 years si/c
P. contona 2.4 m Peal
P. contorta 9-12m si,sic
P. contona - Various
P. contorta - Coarse
Pinus echinata Mill . 30-40 years Is/c

3.3
2.5
4.5
1.2
2.8

> 1.6
3.7
2.1

-
6.0

-
>4.0

3.0
-

2.4
1.4

-
-

> 2 . l
-

1.0
2.1
2.0

>2 .7
2.9

>3.6
4.0

> 1.0
-

>2.0
>3.3
-

> 1.7

-
_

>9.1
7.1

-
_

9.3
7.9

18.0
7.5

-

-
20.0
-
18.6
9.1

13.0
-

>23.0
11.6
8.5

14.0
-
-
-
-

6.4
7.0

-
8.2
7.0

-

k
R

E
R

E
W
E
E
R
E
0

E
E
O
E
O
E
O
O
E
E
E
E
O
E
O
E
E
o,w
E
E,0
W

White and Wood ( 1 9 5 X )
Kos t le re ta l . ( 1 9 6 8 )
Kost leretal . (1968)
Bannan (1940)
Kostleretal . (1968)

Verzunov (1980)
HornerandMcCall ( 1 9 4 4 )
Vater ( 1 9 2 7 )
Laitakari (1929)
Kostleretal. (1968)
Holstener-Jorgensen ( 1 9 5 9 )
R.F. Fisher (personal communication, 1988)

Schul tz(1978)
Lyford(1972)
E.L. Stone (unpublished observations, 1974)
Bannan (1940)
Vincent (1965)
T.W. Daniel (personal communication, 1979)
Day (1963)
Harris (1978)
Yeager(1935)
Cheyncy ( 1 9 3 2 )
Strong and LaRoi (1983)
Adams and Chapman ( 1 9 4 1 )
Gevorkiantz et al. (1943)
Haigh (1966)
Kalisz and Stone (1984)
Bishop (1962)
RiggandHarrar (1931 )
Johnston ( 1 9 7 5 )
H o r t o n ( l 9 5 8 )
Smith (1964)
Metzand Douglass ( 1 9 5 9 )

— i
i
m

£
X

2
c
2
m
X
Hm
•2.
-i
O
-n

73
m
m

O
O
(SI



TABLE I (continued)

Species

P. echinaia
Pinus edulis Engelm.
P. edulis
Pinus elliottii Engelm.
P. elliottii
P. elliollii
P. elliottii
P. elliollii
P. elliottii

Pinus flexilis James.
Pinus halepensis Mil l .
P. halepensis
Pinus lambertiana Dougl.
Pinus laricio Poiret
Pinus monticola Dougl.
P. monticola
Pinus paluslris Mi l l .
P. paluslris
P. paluslris
P. paluslris
P. paluslris
P. paluslris
Pinus patula Schl. & Cham.
P. patula
Pinus pinaster Ait .
P. pinaster
Pinus ponderosa Laws. ( W )
P. ponderosa
P. ponderosa
P. ponderosa

Age (years) or
height (m) or
DBH ( c m )

100 years
-
-
5 years
5 years
11 -12 years
1 5 years
25 years
20 years

15 m
-
-
85 years
22 years
11 m
1 8 m
30-33 years
90 years
Mature
Mature
Mature
-
8 years
-
3 years
1 8 years
47 years
50-60 years
60 years
63 years

Substrate
( m )

s
r
r
s
s
s,wl
-
s
s/sl

sil.cave.r
chalk.r
s.r
sic/sicl
s
Till
Peal
l /sl
s/scl
s
s
s/ls
s/c
1
1
s
s
l.sl/gr
s,sl
grsl.r
l.cl.r

Max imum

Depth
( m )

>3.3
19.8
2 1 . 2
-
-

3.0
4.6

-
4.0

10.0
4.5
4.0
5.5

> 1.2
-
-
-

>5.0
4.6

>4.3_

> 2 . 7
4.9

>6.0
>3.0

7.0
-

1 . 1
> 1.3

1.7

Radius
( m )

_
-
-

9.8
7.0

-
-

>18.0
-

_
-
-
12.2

>7 .0
7.0

14.2
14.3
-
15.5
22.2
16.8
__

-
6.4

-
25.6

9.1
16.2
6.1

Evidence

W
Tr
Tr
Tr
E
E
E
E
C

O
W
E
W
W
E
E
E
E
E
R
Tr
E
C,W
W
E
W
E
E
E
E

Reference

Lull and Axley ( 1 9 5 8 )
Cannon and Starrclt ( 1 9 5 6 )
Kleinhamp! and Koteff ( 1 960 )
Pritchett and Robertson (1960)
White and Pritchett ( 1 9 7 0 )
Schul tz(1972)
Haigh (1966)
Pritchett and Lyford ( 1 9 7 8 )
E.L. Stone and P.J. Kalisz (unpubl i shed
observations, 1982)
R.F. Fisher (personal communicat ion , 1 988 )
Sanction et al. ( 1 9 6 7 )
Oppenheimer ( 1945)
Z iemer (1978)
Lunt (1934)
Rigg and Harrar (1931 )
RiggandHarrar ( 1 9 3 1 )
Hodgkins and Nichols ( 1 9 7 7 )
E.L. Stone (unpublished observations, 1 98 1 )
Heyward (1933)
Wahlenberg ( 1 946 )
Hough etal. (1965)
Oliver (1978)
Hosegood and Howland ( 1 966 )
Russell (1973)
Burbidge (1936)
Butcher and Havel ( 1 9 7 6 )
Greb and Black (1961 )
Hermann and Peterson ( 1 969 )
Cunis (1964)
Berndt and Gibbons ( 1 9 5 8 )

z
O



P. pnnderosa 63 years l.cl.r 1 .7 6.1 Berndtand Gibbons(1958)

P. ponderosa
P. ponderosa
Pinus radiala D. Don
P. radiaia
P. radiala
P. radiala
P. radiala
P. radiala
P. radiala
P. radiala
Pinus resinosa Ait.
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
P. resinosa
Pinus rigida Mill .
P. rigida
Pinusseroiina Michx.
Pinus slrobus L.
P. slrobus
P. slrobus
P. slrobus
Pinus sylvesiris L.
P. sylvesiris
P. sylvesiris
P. syhesiris
P. sylvesiris
P. sy/vestris
P. sylvesiris
P. svlvestris

_

1 year
4 years
> 10 years
16 years
18 years
22 years
26-36 years
39 years
12 years
1 3 years
5=25 years
25 years
32 years
39 years
70- 100 years
Mature
-
-
-
Mature
7 m
-
23 years
25 years
64-90 years
Mature
> 1 4 years
> 14 years
45 years
135- 149 years
250 years
8-26 m
-
-

r
r
s
s
Coarse
Red earth
s
s
sl/sc
s
s
s
s
s
s
Is
Various
s
Is
Is
s
s
s
cl/s.wt
S.wt

si
Various
s
Various
r
s / t i l l . r
S.wt
S

-
Various
s,wt

12.2
24.0

>2.0
1.8
2.4
4.5

>3.7
4.0
4.6
8.0
1.9 5.5

9.8
2.1
2.7
2.8 10.0
2.7 9.0
3.7 10.7

>3.0
> 2 . 1
>2.4
>2.4

10.7
2.7

> 2.0
3.3

21.3
3.0 12.2
4.0

>4.8 8.7
6.8

> 2 . 7
3.2 21.0
2.4
2.0
8.0
5.0

O
R
W
E
O
W
E
W
E,W
C
E
E
W
E
E
E
E
O
W,O
P
E
E
E
O
E
-
E
R
E,O
O
P
E
-
P
R
O

In Lutz and Chandler ( 1 946 )
Cannon ( I960)
Nambiar (1983)
Parker (1987)
Pryor ( 1 9 3 7 )
Greenwood et al. ( 1981 )
Will (1966)
Jackson el al. (1983)
Pereira and Hosegood ( 1 962 )
Parker (1987)
Day ( 1 94 1 )
Stiell (1970)
U r i e ( 1 9 5 9 )
White and Wood ( 1 9 5 8 )
Fayle and Pierpont ( 1 9 7 5 )
Leafe ta l . ( 1 9 7 1 )
Brown and Lacate ( 1 9 6 1 )
Armson and Will iams ( 1960)
Bay and Boelter (1963)
Adams and Chapman ( 1 94 1 )
DeMent and Stone (1968)
McQuilkin (1935)
McQuilkin (1935)
E.L. Stone (unpublished observations. 1970)
E.L. Stone (unpub l i shed observations. 1951 )
Palmer (1960)
Brown and Lacate ( 1 96 1 )
Kost le rc ta l . (1968)
Vater ( 1 9 2 7 )
Vatcr (1927)
Roberts (1976)
Laitakari ( 1 9 2 9 )
Aaltonen (1920)
Tolled 967)
Rbhrig (1966)
Orlov (1980)

-H
I
m
•s
>
X
?
C
2
rn
X_^
m
Z
-1

T|

H

73
m
m
/c
O
O
H
Wl

0^
i-/i



TABLE 1 (continued)

Species

Pinus taedea L.
P. taeda
Pseudotsuga menziesii ( Mirb. )

Franco
P. menziesii
P. menziesii
P. menziesii
P. menziesii
P. menziesii
P. menziesii
Tsuga heierophylla ( Raf. ) Sarg.
T. heterophylla
T. heterophylla

Podocarpaceae
Podocarpus spicalus R.Br.

Taxodiaceae
Sequoia sempemrens ( D. Don )

Endl.
Sequoiadendron giganteum

(Lindl.) Buchh.

Mixed stands
Picea engclmanii and

Abies lasiocarpa
Pinus ponderosa and

P. lambertiana
Pinus taeda and

P. echinata

Age (years) or
height (m) or
DBH (cm)

1 1 years
21 years
4 years

> 30 years
34 years
70 years
72 years
495 years
Mature
> 30 years
38 years
6 m

15m

1000 years

366 cm

-

-

17-20 years

Substrate
( m )

Is/c
sl/cl
sicl

sil
s
-
l/cl
1
Cave.r
sil
s
Peal

-

A l l u v i u m

-

c,cl,l

s,r

sil

Maximum

Depth Radius
( m ) ( m )

2.4
6.1
3.7

av.12.0
13.0

>3.2
1.5 6.4
3.0

^ 10.0
av.10.0

>1 .9 10.0
10.0

>19.5

5.0J

38.1

> 2 . 1

> 2 . 7

> 1 . 5

Evidence

w,c
W,O
W

E
E
R
E
E
O
E
E
E

E

E

E

E,0

W

W

Reference

Hoover et al. (1953)
Patricetal. (1965)
Horner and McCall ( 1 944 )

Eis (1974)
Eis (1987)
Kostler et al. (1968)
Berndt and Gibbons ( 1 9 5 8 )
Santantonioetal . ( 1977)
J.K. Agee (personal communication, 1990)
Eis (1974)
Eis (1987)
Rigg and Harrar (1931 )

Allan (1926)

Z i n k e ( 1 9 7 7 )

Hartsveldt et al. ( 1 9 7 5 )

Brown and Thompson ( 1 965 )

Arkley ( 1 9 8 1 )

Z a h n e r ( 1 9 5 5 )

c

z
O



ANCIOSPERMS
Aceraceae
Acer L. sp.
Acer negundo L.
A. negundo (W)
A. negundo
Acer pseudoplatanus L.
Acer rubrum L.
A. rubrum
A. rubrum
A. rubrum
Acer saccharinum L. (W)
A. saccharinum
Acer saccharum Marsh.
A. saccharum
A. saccharum

Anacardiaceae
Mangifera indica L. (H)
Rhus viminalis Vahl.

Annonaceae
Annona L. sp. (H)

Apocynaceae
Acokanlhera nabaio Schweinf.

Balanitaceae
Balaniles orbiculans Spraugc

Betulaceae
Alnusformosana ( B u r k i l l ) Makino
Alnusglutinosa ( L . ) Gaenn.
Betula L. sp.
Belula sp.
Beiulalutea Michx. f.
Beiula odoraia Bechst.
Belula papyri fera Marsh.

2 4 m
5-15 years
34 years
40 years
Mature
55 years
60 years
65 years
-
31 years
35 years
61-104 years
85 years
Mature

_
-

c
sil.c
Sll

c
si
Till
Till
s
si
sil
c
Till
s
si

Sll

A l l u v i u m

-
4.0
3.3
1.3
1.4

> 1.2
-

3.0
-

3.3
1.3

-
1.8
2.7

5.5
>25.0

20.0
3.7
3.6

14.0
9.0
8.5

17.5
-
20.0

6.4
14.9
13.7
-
-

_
-

O
E
E
E
R
E
E
E.C
E
E
E
E
E
W

E
O

Culler and Richardson ( 1 9 8 1
Biswell (1935)
Spracklingand Read ( 1 9 7 9 )
Yeager ( 1 9 3 5 )
Kos t l e re ta l . ( 1 9 6 8 )
Stout ( 1 9 5 6 )
Lyford and Wilson ( 1 9 6 4 )
Haage ta l . (1989)
Wilson and Horsley ( 1 9 7 0 )
Spracklmg and Read ( 1 9 7 9 )
Yeager ( 1 9 3 5 )
Stout (1956)
Fayle (1965)
Schneider et al. ( 1966)

Howard ( 1 9 2 5 )
Cannon (1924)

X

2
c
2

z
H
O

21 years
75 years
1 2 - U m
20-60 years
50 years
33-84 years
25 years

si l

sil.sic.r

Various

4.3 - E Howard ( 1 9 2 5 )

1 2 . 0 ( 1 ) E Glover ( 1 9 5 2 )

1 5 . 0 ( 1 ) E G l o v e r ( 1 9 5 2 )

1.7 - E Yen et al. ( 1 9 7 8 )
3.8 - R Kostler el al. ( 1 9 6 8 )

10.0 R Cutler and Richardson ( 1 9 8 1 )
>3.6 - R Rohrig ( 1 9 6 6 )
>1 .5 - E F a y l c ( l 9 6 5 )

2.7 9.6 E La i t akar i ( 1 9 3 4 )
>8.0 E P u l l i n g ( l 9 l 8 )



TABLE 1 (continued)

Species

B. papyrifera
B. papyrifera
Betula verrucosa Ehrh.
B. verrucosa
Carpmus betulus L.

Bignoniaceae
Catalpa speciosa Warder ( W )
Jacaranda decurrens Cham.
Millingtonia horiensis L.f. ( H )
Tabebuia aurea (Manso) Benth.

Hook. ex. S. Moore
Tabebuia impetigosa Mon.

ex DC.

Bombaceae
Adansonia digiiaia L.

Boraginaceae
Cordia glabraia A. DC.
Cordia subcordata Lam.
C. subcordata
Tournefonia argentea Linn.f .

Casuarinaceae
Casuarina cristata Miq.
Casuarina eauisetifolia J.R. &

G. Forst.
C. equisetifolia
Casuarina pusilla Macklin

t _ .. _ ^ — _ .̂ -̂ ^ ^

Age (years) or
height (m) or
DBH ( cm)

-
-
33 years
45- 150 years
70-80 years

30 years
-
-

& 2 7 c m ( d s )

5 2 c m ( d s )

Mature

25cm(dc)
5 years
< 1 6 years
3 years

-
1 0 years
Stunted

_ . .^ __

Substrate
( m )

_
si
s
s
C

si
-
-
S.wt

S,wt

-

s.wt
s
s.wt
s

sl/c
S.wt

Dunes

s/c

1

M a x i m u m

Depth Kadius
( m ) ( m )

> 1.3
20.0

4.0
1.1 23.8
1.4

3.0 2.3
>10.0

3.5
> 1 .4

> 1.4

46.0

> 1.4
> 3.1

2.6
18.0

>2.5
4.0
4.5

>2.4

Evidence

E
E
R
E
R

E
R
E
E

E

R

E
E
E
E

E
E
E

E

Reference

Pomerleau and Lortie ( 1 962 )
Wilson and Horsley (1970)
Kostleretal. (1968)
Laitakari (1934)
Kostleretal. (1968)

Spracklingand Read ( 1 9 7 9 )
Chancy (1981)
Howard ( 1 9 2 5 )
B. Dubs ( unpublished work, 1 990 )

B. Dubs (unpublished work. 1990)

Fenncr(1980)

B. Dubs (unpublished work, 1990)
E.L. Stone (unpublished observations, 1990)
E.L. Stone (unpublished observations, 1 986 )
Billings (1964)

Sheaetal . (1978)
Kaupenjohann and Zcch ( 1 988 )
Yadav(1981)

Spechtand Rayson ( 1 9 5 7 )

(

3
Z

Z
C



G. Forst.
C. equisetifolia
Casuarina pusilla Macklin

Stunted Dunes/ 4.5

s/c >2.4

E Y a d a v ( l 9 8 1 )

E Spccht and Rayson ( 1 9 5 7 )

Chenopodiaceae
Saracobatus vermiculatus - Mine.r

(Hook.)Torr.

Compositae
Anemesia tridentata Null.

Cornaceae
Cornusflorida L. Mature sil/c

Dillenaceae
Curatella americana L. - Wet
C. americana

Dipterocarpaceae
Shorea negrosensis Foxw. Mature Ash

Ericaceae
Oxydendrum arboreum (L.)DC - sil/c

Euphorbiaceae
AleuriiesfordiiHens\.(H) 6 years s
Hevea brasiliensis (Willd. > 10 years

ex A. Juss.) Mull . Agr . (H)
PhyllanthusemblicaL. - s,wi
Sapium discolor Mull. Arg. 15 years sil.sic

Fabaceae
Acacia aneura F. Muell. Mature
Acacia bussei Harms 4m
Acacia elhaica Schweinf.
Acacia koa A. Gray
Acacia mellifera Benth. 4m
A. mellifera
Acacia mearnsii DeWild. (H ) 8 years 1
Acacia raddiana Savi. 300 years wt
A. raddiana - wt
Acacia seyal Del. 7m c
Acacia tortilis (Forsk.) Hayne 3m
Acacia spirocarpa Hochst. 27cm

17.3

9.1

6.0

>4.0

9.7

18.0

12.6

O

o

Tr

O

Tr

2.4
-

5.8
1.7

> 1.2
-
-
-
-
-

>5 .5
35.0

>5.0
1.2

> 1.3
-

-
^24.0

_
-

14.0
1 4 ( 1 )
15
30.5
15.0
15.0
__
_

8.0
14.5

> 1 0 . 6 ( 1 )

E
T
E
E

C
E
O
0
E
E
E
O
E
E
E
E

Meinzer (1927)

Woodbury ( 1 9 4 7 )

Brown and Woods (1968)

Doley (1981)
Foldatsand Rutkis ( 1 9 7 5 )

E.L. Stone (unpublished observations, 1959)

Brown and Woods (1968)

Dunscombe ( 1 9 3 1 )
Hamcscta l . ( 1 9 5 4 )

Howard ( 1 9 2 5 )
Y e n e t a l . (1978)

Pressland ( 1 9 7 5 )
Glover (1952)
Glover (1952)
Baldwin and Fagerlund (1943)
Adams (1966)
Glover ( 1 9 5 2 )
Hoscgood (1963)
Anon. (1974)
Boyko(1954)
Adams (1966)
J. Belsky (personal communicat ion, 1989)
Glover (1952)

I
m
2

2
C
3.
m
X
-i

71m



TABLE 1 (continued)

Species

A. spirocarpa
Albizia gummifera C.A. Smith

[ =A. adiamhifolia (Schumach. )
W.F.Wright]

Andira humilis Mart.
Bulea frondosa Roxb. ( H )
Caragana arborescens Lam. ( \V)
Clalhotropis brachypeiala

Kleinh.
Dalbergia sisso Roxb. ex DC.
Dipteryx a/ata Vog.
Dipteryx panamensis

(Pittier) Record
G/ediisia triancanthos L.
G. triacanthos (W)
G. triacanthos
G. iriacanthos (W)
Lepiadenia pyrotechnica

( Forsk. ) Decne.
Prosopis cineraria ( L. ) Drucc
Prosopis farcla (Soland.)

Macbridc
Prosopis glandulosa Torr.
P. glandulosa
Prosopis 'juliflora ' ( Swartz )

DC. (= P. glandulosa?)
P. 'juliflora ' (=P. velunna )
Prosopis lamantgo Phil.

Age (years) or
height ( m ) or
DBH (cm)

_

1 5 m

-
-
23 years
-

-
37cm(ds )
30m

4-6 years
Mature
1 2 m
28 years
2 m

-
-

5 m
Large
6 m

-
-

Substrate
( m )

wt
-

wt
s
l,sl/coarsc
sl/c

s
s.wt
cl

c
cl,sl
c
sic!
s/si/c

-
vrt

cl.wt
cl
sl,c

Coarse
-

Maximum

Depth
( m )

>5.0
>6.1

18.0
5.2

-
3.5

4.5
> l . 5

5.0

1.6
3.3

-
3.0

11.5

_

15.0

6.0
13.0
3.0

>53.0
>3 .5

Radius
( m )

_

9.1

-
-
10.9
10.0

_
-
-

5.2
-
15.0
5.0
5.0

27.0
_

_
_
19.0

_
-

Evidence

E
E

E
E
E
E

E
E
0

E
E
R
E
E

O_

W,C
C
W

O
c

Reference

Boyko (1954)
Kerfoot (1962)

Rawitscher (1948)
Howard (1925)
Greband Black ( 1961 )
Forster (1970)

Howard (1925)
B. Dubs (unpublished work, 1990)
R.F. Fisher (personal communication, 1988)

Biswell (1935)
Bunger and Thomson ( 1 938 )
Cutler and Richardson (1981)
Sprackling and Read (1979)
Betanowny and Wahab (1973)

Evenari (1938)
Schmueli (1948)

Ni lseneta l . (1983)
Jenkins et al. (1988)
Cable (1977)

Phil l ips (1963)
Mooneyctal . (1980)

O

2
O
•0

Prosoois velutinn Wn



f. gianautosa
Prosopis 'juliflora' (Swartz)

DC. ( = P.glandulosa>)
f. 'juliflora' ( =P. veluiina)
I'rosopis lamariiifo Phil.

6 m sl,c

Coarse

1 J.U

3.0 19.0 W Cable (1977)

O Phillips (1963)
C Mooncy ci ;il. ( I 9 K O )

Prosopis velutina Wool.
P. velutina
Robinia pseudoacacia L.
R. pscudoacacia
R. pseudoacacia (W)
R. pseudoacacia
R. pseudoacacia (W)
R. pseudoacacia

Fagaceae

Fagus L. sp.
Fagus grandifolia Ehrh.
F. grandifolia
Fagus sylvaiica L.
Nothofagusfusca (Hook. f.)

Zrst.
Quercus L. sp.
Quercus sp.
Quercus sp.
Quercus spp. (erythrobalainis)
Quercusspp. (leucobalanus)
Quercus agrifolia Nee
Q. agrifolia

(or Q. /ofta'flNee)
Quercus alba L.
Q. alba
Q. alba
Quercuschrysolepis Liebm.
Que re us cocci nea Muenchh.
Quercus douglasii Hock & Arn.
Quercus dumosa Nun.
Quercus gambellii Null.
Quercus laevis Walt.
Quercus lobata Nee
Quercus macrocarpa Michx.
Q. macrocarpa
Q. macrocarpa
Q. macrocarpa

-_

1 year
4 years
1 2 years
28-70 years
Mature
18-20m

20m
53 years
1 30 years
Mature
Mature

16-23m
-
-
Mature
Mature
_
Mature

40 years
50 years
65 years
-
Mature
-
1 .5m
2-4 m
Mature
-
1 year
27 years
43 years
50-65 years

Al luv ium
wl
-
si.cl
si.cl
s
cl.sl
c

c
Till
si
Various
sil/pumice

c
c,s
-
sil.c
Sil.C
_
-

Till
sil/c
Sll

r
scl/sl
r,wt
r
Coarse
s_

-
Is.s
c
sil

8.0
* 14.0

2.1
3.7
2.4
2.8

>7.9
-

> 1.5
>2.3

1.8
>2.0

_
-

5.0
_
_

7.3
9.1

1 .1
3.4
4.0
7.3
7.0

24.2
8.5

>2.4_

-
1.9

>3.3
2.5
4.6

15.0
_
-
-

2.7
14.0
6.4

12.4

15.0
4.3

-
6.2

-

30.0
8.5

-
12.7
1 1 . 7_

27.4

6.7
-
-
-
-
-
-
-
14.8
21.3
-
-
12.4
18.3

R
O
R
W
E
R
E
R

R
E
0
-
0

R
E
O
Tr
Tr
0
E

E
Tr
E
O
C
Tr
O
W
Tr
E
R
E
E
E

I n Cannon ( 1 9 1 1 )
Minckley and Brown (1982 )
L y r a n d Hoffmann ( 1 9 6 7 )
Horncrand McCall ( 1 9 4 - 4 )
Sprackling and Read ( 1 9 7 9 )
Kost le re ta l . (1968)
Bunger and Thomson (1938)
Culler and Richardson (1981)

Cutler and Richardson (1981 )
Slom (1956)
E.L. Stone (unpublished observations, 1990)
Vater(1927)
E.L. Stone (unpublished observations. 1962)

Cutler and Richardson (198!)
Holstener-Jorgensen (1959)
Cermaketal. (1980)
Brown and Woods (1968)
Brown and Woods (1968)
Kummerow (1981)
Thomas (1980)

Stout (1956)
Kaliszetal. (1988)
Hammer (1986)
Hellmers et al. (1955)
Pat r ic ( l988)
Lewis and Burgy (1964)
Hellmers ct al. (1955)
Tew(1966)
Hough eta l . (1965)
Cannon ( 1 9 1 4 )
Lyr and Hoffmann ( 1 9 6 7 )
Crosslcy (1940)
Yeager ( 1 9 3 5 )
Weaver and Kramer (1932 )

m
x
m

O
Tt



TABLE 1 (continued)

Species

Q. macrocarpa (W)
Q. macrocarpa
Quercus michauxii N u t t .
Quercus prinus L.
Q. prinus
Q. prinus
Quercus robur L.
Q. robur
Quercus rubra L.
Q. rubra
Q. rubra
Q. rubra
Q. rubra
Quercus suber L.
Quercus lurbinella Greene
Q. turbinella
Quercus virginiana Mil l .
Quercus wisli:enii A. DC.

Hamcnamelidaceae
Liquidambar slyraciflua L.

Hippocastanaceae
Aesculus L. sp.

Icaninaceae
Apodytes dimidiaia E. Mey.

ex Arn.

Age (years) or
height (m ) or
D B H ( c m )

80 years
3.6m
Mature
36 years
63-82 years
-
11- 13 years
30 years
17-84 years
60 years
65 years
Mature
44 cm
-
2.4m
Shrub
Old
-

40 years

2 5 m

Mature

Substrate
( m )

Loess
c
s/cl
s
Till
r
-
s
Til l
Favorable
S.I

si
s
s/c
sl.r
r
-
r.wt

-

c

r

Maximum

Depth
( m )

4.8
4.4

>2.0
-

1.1
>2.4

9.0
-
-

2.9
3.6
i .O
1.2

-
6.4

>9.0
-
24.2

-

-

8.2

Radius
( m )

12.1
3.3

-
5.8
7.3

-
-
18.0
7.0

-
-
15.0

> 12.5
23.0
-
-
30.5
-

>6.9

23.0

10.7

Evidence

E
E
0
E
E
O
R
R
E
R
R
E
W
E
E
O
O
Tr

E

R

E

Reference

Spracklingand Read ( 1 9 7 9 )
Biswell (1935)
E.L. Stone (unpubl ished observations, 1981 )
Wood (1939)
Stout (1956)
J.H. Patric (personal communication, 1 988 )
Kostleretal. (1968)
Rohr ig(1966)
Stout (1956)
R6hrig(1966)
Kost lere ta l . (1968)
Lyford (1980b)
Lunt (1934)
Metro and Sauvagc ( 1 9 5 9 )
Davis and Pase ( 1 9 7 7 )
Saunierand Wagle ( 1 9 6 7 )
T.O. Perry (personal communication, 1984)
Lewis and Burgy ( 1 964 )

Kormanik and Brown ( 1967)

Cutler and Richardson ( 1 98 1 )

Kerfoot (1963)

Juglandaceae
Carya Null. sp.
Carva so.

20 years
Maiuri-

sil > 1. E,O Gaiser ( 1 9 5 2 )
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Icaninaceae
Apodytes dimidiata E. Mey.

ex Am.
Mature 10.7 Kerfool (1963)

Juglandaceae
Carya Nutt . sp.
Carya sp.
Carya cordiformis (Wangcnh.)

K. Koch (W)
Carya illinoinensis (Wangenh.)

K. Koch (H)
C illinoinensis (H)
Caryaovaia ( M i l l . ) K. Koch (W)
Juglans microcarpa Berland. (W)
Juglans nigra L.
J. nigra (W)
J. nigra
J. nigra
J. nigra
J. nigra (W)
Juglans regia L. (H)
J.regia(H)

Lecythidaceae
Cariniana pyn/ornus Miers

Loranthaceae
Nuyisiafloribunda (Labi l l . )R .Br .

Magnoliaceae
Liriodendrun tulipi/cra L.

L. lulipifcra
Magnolia grandifolia L.

Meliaceae
Melia azedarach L.

Moraceae
Artocarpusalttlis (Park ins . )

Fob.
Chlorophora excelsa Benth. &

Hook.P.

20 years
Mature
28 years

> 3 years

40 years
40 years
Mature
7- 1 2 years
1 5 years
25 years
30 years
30-35 years
49 years
13 years
24 years

-

4 m

84 years

1 30 years
Mature

-

Mature

-

sil
sil.c
sil

Coarse

si
sil
cl.sl
c
sicl
c
Prairie
-
l,sl/gr
1
s/si

sl.c

s

Coarse / l ine .
r
si
s.cl

s

s

-

> 1.8
-

3.0

>3.0

-
2.1
1.8
1.8
3.3
1.6
2.2
2.2

-
>3.6

2.2

2.0

> 1.4

:• 2.9

> 2 . 2
>2.0

3.9

_

-

16.6
1.8

9.1

> 10.0
6.1

15.8
6.1
4.5

16.5
-
-
34.1
-
16.0

25.0

>50.0

_

-
-

-

> 18.3
( 1 5 m m )

7.0

E,O
Tr
E

E

Tr
E
E
E
E
E
E
E
E
W
E

E

E

O

O
O

O

E

-

Gaiser ( 1 9 5 2 )
Brown and Woods ( 1 9 6 8 )
Spracklingand Read ( 1 9 7 9 )

Woodroffand Woodroff ( 1 9 3 4 )

Hammer ci al. (1953)
Spracklingand Read ( 1 9 7 9 )
Bunger and Thomson (1938)
Biswell (1935)
Sprackling and Read (1979)
Yeager(1935)
Phametal. (1978)
Yene ta l . (1978)
Greb and Black (1961 )
Viehmeyerand Hcndrickson ( 1 9 3 8 )
Tamasi ( 1 9 8 6 )

Forster ( 1 9 7 0 )

Hocking (1980)

Hammer ( 1 9 8 6 )

E.L. Stone (unpublished observations, 1990)
E.L. Stone (unpublished observations, 1981 )

Howard (1925)

M. Stuart (personal communicat ions, 1990)

Mensahand Jenik (1968)

z
H
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TABLE 1 (cont inued)

Species

Ficus benghalensis L.
Fie us religiosa L.
Madura pomifera ( Raf. )

Schneid. (W)
M. pomifera ( W )
M. pomifera (W)

MorusalbaL. (W)

Myrtaceae
Eucalyptus sp.
Eucalyptus baxlen

(Benth.) Maiden & Blakely
ex J.M. Black

Eucalyptus calophylla R. Br.
ex Lindl.

Eucalyptus camaldulensis
Dehn. (W)

E. camaldulensis
Eucalyptus citriodora Hook.
Eucalyptus delandi ( Maiden )

Maiden
Eucalyptus divers/color

F.J. Muell.
Eucalyptus globulus Labill.
Eucalyptus gomphocephala DC.
E. gomphocephala
Eucalyptus grandis W. Hil l

ex Maiden
E. grandis

Age (years) or
height (m) or
DBH ( c m )

-
-
23 years

Mature
10m

Mature

Mature
-

-

31 years

-
6 years
-

-

10 years
-
-
2-3 years

5 years

Substrate
( m )

s
s
sicl

cl.sl
cl

cl.sl

Cave.r
Cave.r

Cavc,r

-

-
s,wi
sl.c

Cave.r

s
-
Cave.r
Podzolic

s

Maximum

Depth Radius
( m ) ( m )

4.8
5.9
2.4 4.5

8.2 4.3
>19.3

( 5 m m )
12.7

60.0
> 20.0

45.0

>2.0 20.0

9.0
1.5

> 2 . 5 >6.0

> I 8 . 0

4.2 >S.8
9.0

15.0
5.6 -

1.8 -

Evidence

E
E
E

E
E

E

O
O

O

P

O
E
E

0

E
O
O
W

E

Reference

Howard ( 1 9 2 5 )
Howard (1925)
SpracUing and Read ( 1 9 7 9 )

Hunger and Thomson ( 1 938 )
L. Fox (personal communicat ion, 1989)

Bunger and Thomson ( 1 938 )

Jennings ( 1 9 7 1 )
D.H. Ashton (personal communicat ion, 1981 )

Campion (1926)

Zohar (1985)

Day (1959)
Haigh (1966)
Sheaetal . (1978)

Campion ( 1 9 2 6 )

Giordano (1969)
Day (1959)
Lamont and Lange ( 1 9 7 6 )
In Nambiar (1990)

Haigh ( 1 9 6 6 )

o



E. gomphocephala
Eucalyptus grandis W. Hill 2-3 years

ex Maiden
E. grandis 5 years

Cavc.r /
Podzolil

n.u
5.6

VJ LidllUCIl dllU LdllgC ^ I 7 IU ;

W I n N a m b i a r ( 1 9 9 0 )

E H a i g h ( l 9 6 6 )

Eucalyptus leucoxylon
F.J. Muell.

Eucalyptus marginala Sm.
E. marginata
E. marginala
Eucalyptus pilularis Sm.
Eucalyptus regnans F.J. Muell.
Eucalyptus saligna Sm.
E. saligna
Eucalyptus trivalva Blakely
Eucalyptus riminalis Labill.
Mela/euca L. sp.
Metrosideros collina [ = M.

collinus (J.R. Forst.) A.Gray]
Psidium guajava L. (H )

Oleaceae
Fraxinus L. sp. (W)
Fraxinus sp.
Fraxinus amcricana L. (W)
F. amcricana
Fraxinus angusli folia Vahl.

Fraxinus anomola Torr. ex Wats.
Fraxinuspennsylvamca Marsh.
F. pennsylvanica (W)
Fraxinus velutina Torr.

Platanaceae
Pluianus L. sp.
Plaianus occidentals L.

Proteaceae
Banksia marginala Cav.
Banksia ornata F.J. Muell .

ex Meissn.

> 16.0 O Cannon ( 1 9 2 1 )

Pole-size
Mature
-
-
235 years
-
-
-
-
-
-

-

Mature
14-23 m
18 years
7 1 years
20 years

-
43 years
45 years
-

25-30 m
5 years

_
-

s/c,wt
s/c.wt
c
Podzol
r
1
cl
sl.c
Cavc.r
sl/c
-

Sll

cl.sl
c
sil
Til l
A l l u v i u m ,

wt
-
c
Is
-

c
l/c

s,c
s,c

15.0
19.0
40.0
10.0

7.1
4.9

>6.0
>2.0

17 .7
>2.5

5.0

4.9

I . S
-

1.8
-

T 2

3.0
I . I
2.7
6.1

_
2.1

>2 .4
> 2 . 4

-
-
-
_

13.6
-
-

> 15.0
-
-

>30.0

-

13.1
21.0

7.3
10.4
-

-
14.6
7.0

-

15.0
2.7

_

5.2

-
C
C
O
O,E
W,C
W
E
O
-
0

E

E
R
E
E
E

R
E
E
O

R
E

E
E

Kimber (1974)
Carbon el al. (1980)
D e l l e t a l . (1983)
Thompson and Hubble ( 1 980 )
Ashton (1975)
Hoscgood and Howland ( 1966)
Russell (1973)
Sheactal . ( 1 9 7 8 )
Johnson et al. ( 1 9 6 8 )
Sheaetal. (1978)
Bergerelal. ( 1981 )

Howard (1925)

Hunger and Thomson ( 1 9 3 8 )
Cutler and Richardson (1981)
Spracklingand Read ( 1 9 7 9 )
Sunn ( 1 9 5 6 )
Sika ( 1 9 6 3 )

Cannon ( I 9 6 0 )
Yeager(1935)
Sprackling and Read ( 1 9 7 9 )
Robinson ( 1 9 5 8 )

Culler and Richardson ( 1 98 1 )
Biswell ( 1935)

Spechtand Rayson ( 1 9 5 7 )
Spechtand Rayson ( 1 9 5 7 )

X

2
c
Z
m
X
H



TABLE 1 (cont inued)

Species

Rosaceae
Adcnostoma fasciculatum H.&A.
Amelanchier alnifolia Nutt.
Amelanchier utahensis Koehne
Eriobotrya japonica (Thunb.)

Lindl.-loquot (H)
A/a/i«Mill.-appIe(H)
Malus-apple (H)
A/a/us-apple ( H )
Malus-app\e ( H )
Malus-app\e ( H )
Ma /us- apple ( H )
A/a/uj-apple ( H )
Malus-app\e
Prunus L. sp.
Prunus dulcis (Mi l l . )

D.A.Webb (H)
Prunus armeniaca L. ( W )
P. armeniaca ( H )
Prunus avium (L . ) L. (H)
Prunus-cherry ( H )
Prunus persica ( L. ) Batsch. ( H )
P. persica ( H )
P. persica ( H )
P. persica (H)
Prunus-p\um ( H )
Prunus domeslica L. ( H )
Pyrus communis L. ( H )
P. communis ( H )
P. communis (H)

Age (years) or
height (m) or
DBH (cm)

1.5m
30cmb

-
-

6- 1 7 years
7 years
10-1 1 years
16 years
16 years
1 7 years
30 years
8-12 m
1 2 m
10-50 years

Mature
-
20 years
1 5 years
3 years
Mature
-
-
-
-
8 years
Mature
3.3m

Substrate
( m )

r
Coarse, r
-
Sll

Loess
cl.sc
l.s
-
c
Loess
cl.sicl
c
c
1

cl.sl
sl.cl
1
-
s
1
sc,c
Sll

Sll

1
s
c,r
sc,c

Maximum

Depth
( m )

7.6
1.8
6.4
2.7

10.0
>2 .7

3.0
-

3.1
10.7

>3.8
-
-

3.7

2.4
4.9
1.9

-
3.8
2.3
3.0
4.7
4.9
2.1
3.4

> 1.8
2.7

Radius
( m )

3.7
-
-
-

7.0
>3.6

5.4
7.4
7.9

>10.0
-
10.0
11.0
-

9.0
-
-

9.1
3.8

-
4.6

-
-
-

2.0
>4.3

3.0

Evidence

0
E
O
E

E
E
E
E
E
W
P
R
R
W

E
O
E
E
C
E
E
E
E
E
E
P
E

Reference

Hellmersetal . (1955)
Woolley (1936)
Cannon (1960)
Howard (1925)

Yocum (1935)
Goff (1897)
Rogers and Vyvyan (1934)
Peren (1923)
Yeager (1935)
Wiggans (1935)
Radyuk(1964 )
Cutler and Richardson ( 1 9 8 1 )
Cutler and Richardson ( 1 98 1 )
Hendrickson and Veihmeyer (1955)

Bunger and Thomson (1938)
Proebsting ( 1 943 )
Oskamp (1932)
Peren (1923)
Lyons (1962)
Oskamp (1932)
Ballantyne ( 1 9 1 6 )
Howard (1925)
Howard (1925)
Oskamp (1932)
Rogers (1933)
Aldrich (1935)
Ballantyne ( 1 9 1 6 )

i
z
O

7-.
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T' persica (H)
Prunus-p\um (H)
Prunus domcstica L. (H)
Pynis communis L. (H )
/' ctiiiinninis (H )
/ ' i minim/in (II )

_

_

8 years
Mature
VI Ml

sil (\

s
c.r
MM'

4.9
2.1
3.4

:• 1.8
2 7

E
E

2.0 E
>4.3 1'

3 o i:

Howard ( 1 9 2 5 )
Oskamp(1932)
Rogers (1933)
Aldrich (1935)
Bnllantync ( 1 9 1 6 )

2-6 years
-

4 years
1 5 years
18 years

28m
8 years
16 years
43 years
3- 7 years
40-60 years
1 8 years
20 years
28-46 years
70-90 years_
_
_

!5-25m_

4-16 years

2 .7m

-

30 years

10 years
5 m

sl.cl.r
1

_

s
s

c
c
sicl
c
I/C.C

c
s
-
-
l . l /cl
1
_
-
c
_

si. si!

lava/s

sil

sic.s

_
sl/c,wt

4.0
>3.0

2.5
>5.2
>5.2

_
1.2
3.6
3.0
2.6
1.5
2.3

-
>3.0

1.5
>3.0_

> 1.8
_

>3.6
4.2

12.0

3.8

> 2 . 1

2.0
3.7

2.7
-

3.5
-

7.9

30.0
7.0
1.8

22.7
1.5

-
14.3
29.0
-
14.6
-
30.5
-
40.0
-

6.7

-

-

> 6 . l

_

3.3

E
W

E
C
C

R
E
E
E
E
R
E
E
o,w
E
E
O
W
R
R
E

O

E

E

E
E

Nulman (1933)
Pereira ( 1 9 5 7 )

Al iyappae ta l . (1968)
Ford ( 1 9 5 4 )
Ford (1954)

Cutler and Richardson ( 1 9 8 1 )
Francis (1985)
Sprackling and Read ( 1 9 7 9 )
Yeager(1935)
Biswell (1935)
Kostleretal. (1968)
Day (1944)
Buell and Buell ( 1 9 5 9 )
Johnston (1970)
Berndt and Gibbons ( 1 9 5 8 )
Gifford (1966)
Jones (1985)
Tew ( 1 9 6 7 )
Cutler and Richardson ( 1 9 8 1 )
Cannon (1960)
Sprackling and Read ( 1 9 7 9 )

Glover ( 1 9 5 2 )

Howard ( 1 9 2 5 )

McCrcaryct a l . ( 1 9 4 3 )

Yeager (1935)
Gary (1963)

X
m

2

X

O
Tl

H
?0



TABLE 1 (continued)

Species

Theaceae
Camellia sinensis (L. ) Kuntzc
( H )
C. sinensis ( H )
C. sinensis ( H )
Schima superba Card. & Champ.

[ = S. wallichii ( DC. ) Korth. ]

Tiliaceae
Tilia L. sp.
Tilia americana L.
T. americana

Ulmaceae
Celt is occidenia/is L. ( W )
C. occidental!!
L'lmus L. sp.
L'lmus americana L.
I', americana
V. americana (W)
L'lmus moniana With.
L'lmus piimila L. ( W )
U.pumila (W)
Ulinus ruhra MuM. (W)

Verbenaceae
Teciona grandis L.f.

Mixed stands
Acer saccharum and

Fagus grand/folia

Age (yea r s ) or
height (m) or
DBH ( c m )

> 7 years

8-11 years
-
50 years

16-24m
28 years
36 cm

25 years
35 years
2 5 m
30 years
40 years
49 years
50 years
10 years
Mature
67 years

-

Old

Substrate
( m )

sc

C

Various, r
sil/sic.r

c
c
Til l

Sll

c
c
s,wt
c
l ,sl/gr
1
sicl.sl.wt
cl.sl
Sll

sil

sl/c

M a x i m u m

Depth
( m )

>5.5

4.3
>6 .1

1.7

-
1.6
2.1

2.5
1.3

-
6.1
1.2

-
1.6
4.8
8.2
1.8

3.9

> 2 . 7

Rad ius
( m )

-

-
3.7

-

20.0
8.2

-

6.1
12.6
25.0

>3.7
19.2
34.1
-
-
13.1
7.9

-

-

Evidence

E,W

E
E
E

R
E
O

E
E
R
E
E
E
R
E
E
E

E

W

Reference

Laycock and Wood ( 1 9 6 3 )

C a r r ( 1 9 7 4 )
Kerfoot (1962)
Yene ta l . (1978)

Cutler and Richardson ( 1 98 1 )
Yeager( l935)
Mueller and Cline (1959)

Spracklingand Read ( 1 9 7 9 )
Ycager ( l935)
Cutler and Richardson ( 1981 )
Hayes and Stoeckler (1935)
Yeager(1935)
Greb and Black ( 1 9 6 1 )
Kostleretal. (1968)
Spracklingand Read ( 1 9 7 9 )
Bunger and Thomson ( 1 938 )
Spracklingand Read ( 1 9 7 9 )

Howard (1925)

Harlan and White (1968 )

z
a



Mixed stands
Acer saccharum and

/•'agiis grantlifolta
Old sl/c > 2 . 7 W Harlan and White ( 1 9 6 8 )

Quercus spp. and Carya spp.
Quercus spp. and Carya spp.
Quercus spp. and Carya spp.
Quercus coccinea and

(). velulina Lam.
Quercus spp.
Eucalyptus signala-

dominated forest
Amazonian semi-evergreen forest
East African rainforest
Surinam high forest
Eight species windbreak
'Malice' (Eucalyptus oleosa,

F. Muell. ex Miq.,
E. incrassata Lavill.,
E. calycogona Turcz.,
Melaleuca pubescens Schauer )

'Mallee' (Eucalyptus odorata
F. Muell., E. oleosa)

40-50 years
21 m
13-25 cm
32 years

60-70 years
1 5 m

30-50 m
> 21 m
50-60 m
21 years
< 8 m

-

sil
scl/sl
si,s
s

s
s

cl
cl
s,c,wt
sicl/si
s,sl/
scl,cl

A l l u v i u m

4.0
6.1

> 2 . 4
> 3 . 7

2.1
10.0

12.0
>3.2
>5.0
>3.4

^18.0

> M . O

E,0
W.O
W
W

W
E

E
E,W
E,W
W
C,0,E

O

Kochendcru:.- ; 1973)
Pa t r i ce t a l . ( 1 9 6 5 )
Saru ( 1 9 7 2 )
Lull and A.xlcy ( 1 9 5 8 )

U r i e ( 1 9 5 9 )
In Westman and Rogers ( 1 9 7 7 )

Ncpstad (1989)
Pcreiraetal. (1962)
Poels (1987)
Sander (1970)
G.B. Allison (personal communication, 1987)

Cannon (1921 )

c
2
m
X
H
m
7.
H
O

'Mostly sedimentary accumulation dur ing life of tree.
"Sprout.
Abbreviations:
Column 1: W, windbreak; H, horticultural.
Column 2: ds, diameter near soil surface.
Column 3: r, roots in rock; wt, roots below water table; s, sand; si, silt; c, clay; 1, loam; gr, gravel; sl/sc, sandy loam over sandy clay, etc.
Column 5:1, actual length, not radius.
Column 6: C, core; E, excavation; O, other observation; R, review; Tr, tracer uptake; W, water uptake.
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years after natural seeding; Picca abies, Pseudolsuga menziesii and Robinia
pSL'iuloacacia in loess were all approximately 3.7 m at age 4 years after planting.

One may assume that the gross architecture of root systems in an ideal,
non-restrictive, herbivore-free medium would reveal genotypic potentials,
much as are expressed by crowns. Something of this assumption colors many
discussions of root forms and depths in actual soils. For example, Armson
(1977) held that deep soils with little or no restriction to rooting within the
solum offer no advantage to species with inherently shallow root systems such
as Picea mariana. Gale and Grigal (1987) pointed to evidence for genetic
control in the literature. They related vertical root density, compiled from
literature accounts, to presumed successional status as expressed by shade
tolerance classes; the maximum depth considered, however, was only 1 m.

The influence of genotypic control on potential development and structure
of root systems is evident in many cross-sectional diagrams and photographs;
for example, Glover (1952) , Pereira and Hosegood (1962), Schultz (1972) ,
Eis (1974, 1987) and B. Dubs (unpublished work, 1990). In particular, Jenik
( 1 9 7 8 ) proposed a number of characteristic 'organizational models' for root
systems of tropical trees and palms, noting, however, that features such as
taproots and sinkers are developed by certain species only if 'soil layering,
moisture and competition permit'.

In a contrast that is more apparent than real, the overriding influence of
soil features on root form was specifically recognized by Biisgen and Munch
( 1 9 2 9 ) , and classification of tree species according to rooting depth was vig-
orously opposed by Coile ( 1 9 5 1 ) . Many investigations of forest species (Ker-
fool, 1963; Eis, 1987), as well as of horticultural species, likewise have em-
phasized the controlling role of soil features rather than inherent species
attributes in determining rooting depth. An evident exception, however, con-
cerns differential ability to withstand poor aeration (Hook and Brown, 1973;
Topa and McLeod, 1986; Eis, 1987) or to recover promptly after damage
from such occurrences (Hook and Brown, 1973). Thus far, differential abil-
ity among tree species in penetrating compacted soils has been demonstrated
only with seedlings (Minore et al., 1969; Wasterlund, 1985) but seems highly
probable.

Controls on rooting depth

The record for deep root penetration appears to be Cannon's (1960) two
accounts of live Juniperus monosperma roots at depths of 61 m or more in
mines. Other extraordinary depths reported are for Eucalyptus sp. (60 m), E.
calophylla (45 m),£. marginata (40 m), Prosopis 'juliflora' (over 53 m) and
Acacia raddiana (35 m). Few other values in Table 1 exceed 20 m.

For several species studied, maximum depth of root penetration occurs im-
mediately beneath or adjacent to the stem by either a taproot or 'sinker' roots
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(Curtis, 1964; Eis, 1974, 1987). This is also the case with Finns elliottii
(Schultz, 1972) and perhaps several other species that depend on internal
transport of oxygen to sustain roots in poorly aerated or saturated soils. In
contrast, many other species, including pines, oaks, eucalyptus and Robinia.
produce either obliquely descending roots or sinkers along the lateral roots
which reach depths similar to or greater than those of the taproot and near-
stem sinkers.

Adverse soil physical features, including bedrock, 'pans', dry substrates and
water tables, are so widespread and so obviously influential that they must be
assumed to be the major causes of shallow root penetration (Glinski and Lip-
iec, 1990) except where chemical barriers such as Al toxicity or salinity occur.
Observation of rooting depth in small soil pits, however, often is misleading.
Roots encountering layers of high soil strength or bedrock commonly end ab-
ruptly or are replaced by horizontal branches, suggesting that the maximum
depth of penetration has been reached. In actuality, the limiting layer may
contain various sorts of joints, shrinkage cracks, fractures, solution holes or
'soft spots' that allow sinkers to penetrate much deeper and, if conditions
allow, to ramify widely. KJmber's (1974) sketch (reproduced in Armson,
1977) of an Eucalyptus marginata root system affords a classic example: al-
though rooting appeared to end at a massive laterite surface at a depth of 1
m, a few roots penetrated channels and gave rise to profuse rooting above a
water table at 14.9 m. Less striking but parallel instances are often seen when
examining deep trenches or road cuts in well-aerated substrates. Likewise, the
thicknesses of basal root plates seen on wind-thrown trees commonly under-
estimate the depths reached by small roots or even deep sinkers at some dis-
tance from the basal rootplate, especially where this is subject to 'rocking' by
wind (Day, 1950; Stone, 1977; Coutts, 1983). As numerous authors have
noted, descending roots and sometimes laterals commonly follow old root
channels and other biotic tunnels, often growing through decaying wood. For
example, Greenwood et al. (1981) noted that, below a depth of 2.8 m, all
Finns radiata roots were restricted to relic root channels of the previous Eu-
calyptus forest. Such opportunities for unhampered extension may be lost after
conversion to pasture or cropland.

Rooting depth and soil water

For 47 references in Table 1, 'effective' rather than absolute maximum
rooting depths were revealed by measured depletion of stored soilwater ('W
in column 6). Such depletion often reached or was near the wilting point level
even though fine root densities may have been sparse (Hoover et al., 1953).
Gardner and Ehlig's (1962) observations helped to rationalize such findings
at a time when the extent of water movement to plant roots in unsaturated
soils was not widely recognized. For ectomycorrhizal species, water transport
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through specialized rhizomorphs (Duddridge et al., 1980) may permit roots
spaced at 10-50 cm to exploit the intervening soil without regard to matrix
hydraulic conductivity, at least throughout the depths to which the symbiont
occurs. The quantities of water actually removed or potentially available are
sometimes large relative to periodic potential evapotranspiration; for exam-
ple, 53 cm of available water in a thickness of 3.2 m (Pereira et al., 1962).
about 45 cm in 3 m (Pereira and Hosegood, 1962), 42 cm in 5.8 m (Patric et
al., 1965) and 90 cm in 2.7 m (Will and Stone, 1967). Patric et al. (1965)
discussed patterns of water removal as related to root density over a depth
range of about 6 m, and Carbon et al. (1980) to about 18 m. Many other
investigators (Hayes and Stoeckler, 1935; Laycock and Wood, 1963; Teskey
et al., 1978; Hinckley et al., 1979; Doley, 1981) have described the impor-
tance of deep roots for survival or sustained growth during dry periods.

Thirty references in Table 1 indicate roots in contact with water tables at
depths from 1.5 to 35 m. Other reports of roots reaching permanent or recur-
ring water tables at depths less than 2 m are common, of course, as are mea-
surements of water table lowering through evapotranspiration. Studies with
soybean (Glycine max (L.) Merr.) demonstrate that roots near a water table
may be more effective in absorption by 1000 times or more than those in drier
soil above (Reicosky et al., 1964). In yet other instances, deep roots exploit
lateral flow, either saturated or unsaturated (Hewlett, 1961; Patric etal., 1965;
Scholl andHibbert, 1973), as well as slowly percolating water in horizontally
fissured rocks or porous substrates such as chalk or volcanic lapilli (Will and
Stone, 1967).

The previous paragraphs concern direct access to soilwater below the con-
ventionally examined surface meter or two. Richards and Caldwell (1987)
emphasized the additional factor of 'hydraulic lift', the efflux of water into
dry surface soil from root systems in contact with moist soil at greater depth.
The water so transferred may be reabsorbed by the same roots, possibly facil-
itating nutrient uptake, or may be used by associated shallow-rooted plants.

Root penetration into rock

Extension of roots into saprolite, grus, or fractured or fissured bedrock un-
derlying shallow soils is commonplace, and their contribution to plant mois-
ture supplies is widely assumed and sometimes measured (Tew, 1966; Fisher
and Stone, 1968; Scholl, 1976). Jones et al. (1989) found roots of chaparral
species over 6 m deep in weathered granite. Part of this distance was in grus
that retained 2.4% (v /v) of water between -0.01 and - 1.5 MPa. The over-
lying soil retained 8% water, but was only 20-50 cm thick.

Forty-two references in Table 1 indicate penetration of roots 2-60 m below
the soil surface, with some, much, or all of the distance being in rock. A vari-
ety of rock types are represented, and eight of these references concern roots
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growth pressure of a particular root varies from one time to another, or
how growth pressure is affected by hormonal activity, soil chemical
environment, or temperature.

II. ROOT ELONGATION THROUGH A SOIL
WITH UNIFORM FABRIC

Soil fabric, which is "the physical constitution of a soil material as ex-
pressed by the spatial arrangement of the solid particles and voids"
(Brewer, 1964), is extremely important in root growth. Soil fabric deter-
mines physical behavior and controls water, heat, aeration, and strength
relations important in root growth.

A. Soil Strength Effects

If the soil has no continuous pores that are large in relation to the root
tip, elongation rates will depend on the magnitude of the external con-
straint. As an example, Barley (1962) examined the ability of corn (Zea
mays L.) roots to overcome external constraints by using an apparatus
which enabled measurement of length as the roots grew. When cells dif-
ferentiated and elongated while the apex was compressed, root length
increased continuously, but at a rate that declined with increased me-
chanical stress. Taylor and Ratliff(1969b) showed that the rate of peanut
(Arachis hypogaea L.) root elongation decreased as soil strength (mea-
sured by penetrometer resistance) around the root increased (Fig. 11.2).
The elongation rate was 2.7 ram/hr when penetrometer resistance was
near zero bars. At a penetrometer resistance of 15 bars, the elongation
rate was about 1.5 mm/hr, and it was about 0.8 rnm/hr at 30 bars. Soil
water potentials between -0.19 and -12.5 bars (water contents be-
tween 7.0 % and 3.8 % by weight) did not affect the root elongation-soil
strength relationship. The compaction process used by Taylor and Rat-
liff left few continuous voids that were larger than the diameter of the
peanut root tip; so soil strength controlled elongation rate.

B. Soil Porosity Effects

If enough large vesicles (denned by Brewer, 1964, as voids with walls
that consist of smooth, simple curves) or other large pores exist,
roots can grow through high-strength material. Aubertm and Kardos
(1965a, I965b) illustrated this point by growing corn in a container
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Fig. 11.2. Effect of soil water content and soil strength as measured by penetrometer re-
sistance on peanut (Arachis hypogaea L.) root elongation for 40 to 80 hours after radicle
emergence. (Reprinted by permission from H. M. Taylor and L. F. RatlifT, Soil Sci. 108:
113-19, 0 1969, The Williams AWilkins Co.. Baltimore, Md. 21202. U.S.A.)

where a clamping device could alter rigidity of the glass bead matrix.
Systems were used whose modal pore sizes ranged from 46u to 412^
in diameter. In the nonrigid system, roots could grow equally well
at 46n as at 278^ (Fig. 11.3A), but corn roots did not grow into the
rigid systems where pore diameters were less than 138^ (Fig. 11.3B).
Any reduction in pore diameter below 412/i reduced root growth in
the rigid systems.

The diameters of plant roots near the root tips vary greatly. Plants
whose roots have small diameters near the tips can penetrate rigid soil
volumes that roots with larger tips cannot. On the same plant, tertiary
roots often act differently from tap, or seminal, roots. Sometimes their
reaction is different because the tertiary roots are smaller; however, the
main exploring roots also may have encountered a particular soil volume
at a time when its soil water was different from that encountered by the
tertiary roots.
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Fig. 11J. Corn (Zea mays L.) seedlings grown in nonrigid (A) and rigid (5) glass bead
systems with modal pore diameters of: 46^ (3, 8), 87ji (2, 6), 138/i (1, 9), 240/i (4, 10), and

(5, 11). (Data of Aubcrtin and Kardos, 1965)
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C. Systems tvith Both Soil Strength
and Soil Porosity Effects

la most soils, roots penetrate partly by growing through existing voids
and partly by moving aside soil particles (Wiersum, 1957; Aubertin and
Kardos, 1965a, I965b). When a soil is compacted, the modal pore size is
reduced, soil strength is increased, and soil aeration is reduced. In a
classic early experiment, Veihmeyer and Hendrickson (1948) investi-
gated the effects on root growth of increases in soil bulk density (denned
as the mass of oven-dry material per unit volume of soil). They showed
that root growth decreased as soil bulk density increased, but their data
did not delineate the various factors that might have caused the reduced
root growth.

Taylor and Gardner (1963) found that root penetration at a particular
soil water potential decreased as bulk density increased (Fig. 11.4). At a
specific bulk density, root penetration decreased as soil water potential
or water content decreased. They concluded that in their experiment root
penetration was reduced as soil strength increased. Taylor et al. (1966)

100

Bso
z
o

<60

Z
^ „«a. 40

O

<r 20

1.50 1.55 1.60 1.65 1.70 1.75
BULK DENSITY (GM. CM.'1:

1.60 1.65

Fig. 11.4. Penetration of coiton (Gossypnun hirsutum L.) seedling roots through 2.5-cm
layers of Amarillo fine sandy loam soil as affected by bulk density and water potential.
Each point represents 80 planted seeds. (Reprinted by peimission from Taylor and
Gardner, Soil Sci. 96:153-56. © 1963, The Williams & Wilkins Co.. Baltimore,
Md. 21202, U.S.A.)
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altered penetrometer resistance of four soils by changing water contents
or bulk densities and found that root penetration through the four soils
was inversely related to penetrometer resistance (Fig. 11.5). Indepen-
dently, Barley (1963) found that soil strength was a controlling factor in
root growth. Barley and Taylor and Gardner (1963) concluded that soil
aeration was not a major factor in their experiments.

Hopkins and Patrick (1970) investigated relations among soil com-
paction, soil oxygen, and root growth. At low compaction levels, root
growth increased with oxygen concentration. At high compactions, root
growth was only slightly affected by oxygen level, probably because
growth was controlled by soil strength.

Pearson el ai (1970) grew cotton seedlings in glass-fronted boxes with
varying soil temperature, pH, and strength levels. Root elongation rate
increased as temperature increased to 32C, then fell sharply as tempera-
ture was increased further. The effect of temperature was greatest at low
levels of strength and a pH of 6.2. Similarly, the effect of increased soil
strength was greatest at 32C and a pH of 6.2.

These experiments of Hopkins and Patrick and Pearson el al. probably
indicate the general pattern of strength effects on root growth through
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Fig. 11.5. Relations among root penetration and the penetrometer resistance of four soil
materials. (Reprinted by permission from H. M. Taylor, G. M. Roberson, and J. J. Parker,
Jr..SoilSd. 102: 18-22, (?) 1966, The Williams & Wilkins Co., Baltimore, Md. 21202,
U.S.A.)
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soil with uniform fabric. When other growth factors are satisfactory, root
growth decreases as soil strength increases. However, when other factors
limit root growth, soil strength probably exerts little or no effect.

D. Measurement of Soil Strength

Soil strength is affected not only by changes in water content and soil
bulk density but also by changes in types and amounts of saturating
cations (Gerard, 1965), the number of particle-to-particle contacts
(Lotspcich, 1964), the type of clay mineral (Grim, 1962), and the amount
and type of organic materials (Jamison, 1954). Consequently, there is no
simple way to predict soil strength from measurement of soil texture,
organic matter, pH, or other common parameters. The American Society
of Agricultural Engineers has published a standard for the design and use
of penelrometers in estimating soil strength (American Society of Agri-
cultural Engineers, 1970, ASAE Recommendation R313 Soil Cone Pene-
trometer, ASAE Yearbook, pp. 296-98). In root penetration studies the
penetrometer technique is probably as useful as any other technique for
assessing soil strength. However, it is emphasized that the various tech-
niques provide different quantitative values when used on the same soil
sample. These values, although quantitatively different, often are highly
correlated (Taylor and Burnett, 1964).

III. ROOT ELONGATION INTO SOILS WITH WELL-
DEVELOPED STRUCTURAL DISCONTINUITIES

Much of the research evaluating effects of soil fabric and soil strength on
root elongation has been conducted using unusual methods to achieve
uniformity, but nearly all field soils contain some structural development
Where this development has occurred, soil porosities and soil strengths
vary from one volume of soil to another. As a result, physical conditions
important to root growth will vary from one location to another within
the soil profile.

A. Vertical Cracking Pattern Effects

E. Burnett (private communication) investigated the pattern of soil shear
planes and plant rooting in Houston Black clay, a Udic Pellustert occur-
ring in the Texas Blacklands. The soil has long continuous planes (some-
times greater than 2 m in length) where one block of soil has moved in



MOV 1,1 '97 li:15ftM LINDfl HPLL LIBRARY P.6

Howard M. Taylor

:ime to another, or
/ity, soil chemical

A SOIL

oil material as ex-
.ticles and voids"
. Soil fabric deter-
tion, and strength

;lation to the root
»u~ external con-

of corn (Zea
;iirg^an apparatus
v. When cells dif-
:ssed, root length
ith increased me-
tbe rate of peanut
'il strength (rnea-
eased(Fig. 11.2).
er resistance was
s, the elongation
r at 30 bars. Soil
itcr contents be-
t elongation-soil
Taylor and Rat-
: diameter of the
rate.

voids with walls
rge pores exist,
rtin and Kardos
i in a container

Soil Structure and Strength 275

PEANUTS

Y= 2.694 -0.084 X + 0.0007 X'

o 7.0% H20

A 5.5%H20

a 3.8%H20

0 10 20 30 40 50 60 70
PENETROMETER RESISTANCE (BARS)

Fig. 11.2. Effect of soil water content and soil strength as measured by penetrometer re-
sistance on peanut (Arachis hypogaea L.) root elongation for 40 to 80 hours after radicle
emergence. (Reprinted by permission from H. M. Taylor and L. F. RatlirT, Soil Sci. 108:
113-19, 0 1969, The Williams & Wilkins Co., Baltimore, Md. 21202, U.S.A.)

where a clamping device could alter rigidity of the glass bead matrix.
Systems were used whose modal pore sizes ranged from 46u to 412/i
in diameter. In the nonrigid system, roots could grow equally well
at 46u as at 278ji (Fig. 11.3A), but corn roots did not grow into the
rigid systems where pore diameters were less than 13&V* (Fig. 11.3B).
Any reduction in pore diameter below 412/i reduced root growth in
the rigid systems.

The diameters of plant roots near the root tips vary greatly. Planrs
whose roots have small diameters near the tips can penetrate rigid soil
volumes that roots with larger tips cannot. On the same plant, tertiary
roots often act differently from tap, or seminal, roots. Sometimes their
reaction is different because the tertiary roots are smaller; however, the
main exploring roots also may have encountered a particular soil volume
at a time when its soil water was differeut from that encountered by the
tertiary roots.
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Fig. 11J. Corn (Zea mays L.) seedlings grown in nonrigid (A) and rigid (B] glass bead
systems with modal pore diameters of: 46p (3, 8). 87/j (2, 6). 138^ (1, 9). 240^ (4, 10), and
278/j (S, 11). (Data of Aubertin and Kardos, 1965)
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C. Systems with Both Soil Strength
and Soil Porosity Effects

In most soils, roots penetrate partly by growing through existing voids
and partly by moving aside soil particles (Wiersum, 1957; Aubertin and
Kardos, 1965a, 1965b). When a soil is compacted, the modal pore size is
reduced, soil strength is increased, and soil aeration is reduced. In a
classic early experiment, Veihmeyer and Hendrickson (1948) investi-
gated the effects on root growth of increases in soil bulk density (defined
as the mass of oven-dry material per unit volume of soil). They showed
that root growth decreased as soil bulk density increased, but their data
did not delineate the various factors that might have caused the reduced
root growth.

Taylor and Gardner (1963) found that root penetration at a particular
soil water potential decreased as bulk density increased (Fig. 11.4). At a
specific bulk density, root penetration decreased as soil water potential
or water content decreased. They concluded that in their experiment root
penetration was reduced as soil strength increased. Taylor ei al. (1966)

1.50 1.85

Fig. 11.4. Penetration of cotton (Gossypium hirsuium L.) seedling roots through 2.5-cm
layers of Amarillo fine sandy loam soil as affected by bulk density and water potential.
Each point represents 80 planted seeds. (Reprinted by permission from Taylor and
Gardner, Soil Set. 96:153-56. © 1963, The Williams & Wilkins Co.. Baltimore,
Md. 21202, U.S.A.)
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altered penetrometer resistance of four soils by changing water contents
or bulk densities and found that root penetration through the four soils
was inversely related to penetrometer resistance (Fig. 11.5). Indepen-
dently, Barley (1963) found that soil strength was a controlling factor in
root growth. Barley and Taylor and Gardner (1963) concluded that soil
aeration was not a major factor in their experiments.

Hopkins and Patrick (1970) investigated relations among soil com-
paction, soil oxygen, and root growth. At low compaction levels, root
growth increased with oxygen concentration. At high compactions, root
growth was only slightly affected by oxygen level, probably because
growth was controlled by soil strength.

Pearson el at. (1970) grew cotton seedlings in glass-fronted boxes with
varying soil temperature, pH, and strength levels. Root elongation rate
increased as temperature increased to 32C, then fell sharply as tempera-
ture was increased further. The effect of temperature was greatest at low
levels of strength and a pH of 6.2. Similarly, the effect of increased soil
strength was greatest at 32C and a pH of 6.2.

These experiments of Hopkins and Patrick and Pearson el al. probably
indicate the general pattern of strength effects on root growth through
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soil with uniform fabric. When other growth factors are satisfactory, root
growth decreases as soil strength increases. However, when other factors
limit root growth, soil strength probably exerts little or no effect.

D. Measurement of Soil Strength

Soil strength is affected not only by changes in water content and soil
bulk density but also by changes in types and amounts of saturating
cations (Gerard, 1965), the number of particle-to-particle contacts
(Lotspeich, 1964), the type of clay mineral (Grim, 1962), and the amount
and type of organic materials (Jamison, 1954). Consequently, there is no
simple way to predict soil strength from measurement of soil texture,
organic matter, pH, or other common parameters. The American Society
of Agricultural Engineers has published a standard for the design and use
of penetrometers in estimating soil strength (American Society of Agri-
cultural Engineers, 1970, ASAE Recommendation R313 Soil Cone Pene-
trometer, ASAE Yearbook, pp. 296-98). In root penetration studies the
penetrometer technique is probably as useful as any other technique for
assessing soil strength. However, it is emphasized that the various tech-
niques provide different quantitative values when used on the same soil
sample. These values, although quantitatively different, often are highly
correlated (Taylor and Burnett, 1964).

III. ROOT ELONGATION INTO SOILS WITH WELL-
DEVELOPED STRUCTURAL DISCONTINUITIES

Much of the research evaluating effects of soil fabric and soil strength on
root elongation has been conducted using unusual methods to achieve
uniformity, but nearly all field soils contain some structural development.
Where this development has occurred, soil porosities and soil strengths
vary from one volume of soil to another. As a result, physical conditions
important to root growth will vary from one location to another within
the soil profile.

A. Vertical Cracking Pattern Effects

E. Burnett (private communication) investigated the pattern of soil shear
planes and plant rooting in Houston Black clay, a Udic Pellustert occur-
ring in the Texas Blacklands. The soil has long continuous planes (some-
times greater than 2 m in length) where one block of soil has moved in
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relation to its neighbor. These shear planes persist from year to year at
the same location. This plane of structural weakness provided a recurring
path for root penetration, and roots tended to be concentrated along
these shear planes (Fig. 11.6).

V. L. Hauser (private communication) found that vertical shrinkage
cracks penetrated at least 5 m in Pullman silty clay loam soil at Bushland,
Texas. He found living plant roots, tentatively identified as blueweed
(Helianthus ciliaris DC), penetrating to a 9-m depth at this site. For most
of this depth, the roots tended to follow the shrinkage cracks. Since blue-
weed is perennial, Hauser could not estimate the time required for root
penetration to the 9-m depth.

B. Strong Fed Development Effects

1. Distortion of Rooting Patterns

Many soils contain a three-dimensional network of structural discontin-
uities. These networks separate soil volumes into peds, defined as "the
individual natural aggregates consisting of clusters of primary particles,
and separated from adjoining peds by surfaces of weakness which are
recognizable as voids or natural surfaces" (Sleeman, 1963).

Edwards et al. (1964) studied corn root penetration through Weir silt
loam, a Typic Ochraqualf found in Illinois. They found that large corn
roots were confined to the larger spaces between peds but that many
medium and small roots penetrated about one-half of the discrete peds
in the claypan B horizon. Corn roots did not penetrate peds with a bulk
density greater than 1.80 g/cm3.

Fehrenbacher et al. (1965) compared the penetration of corn roots
with those of alfalfa (Medicago saliva L.) through four soils derived from
shale. Alfalfa roots penetrated deeper than corn roots. Most of the alfalfa
roots followed cracks and cleavage planes in the shale. They cautioned
that the deeper alfalfa root penetration could have occurred in the fall
when the corn had completed growth.

Growing root hairs can deform clay soils (Champion and Barley,
1969). When pea (Pisum sp.) radicles were grown on or in a saturated
molded clay, root hairs penetrated the clay mass when the initial voids
ratio exceeded 1:1 (bulk density less than 1.3 g/cm3). The pea radicles
penetrated soil materials where root hairs failed to develop. Where ped
surfaces are covered with "skins," root hairs must deform the peds to
obtain potassium (Soileau et al., 1964) and other nutrients.

Sutton (1969) found that roots of young white spruce (Picea glauca
Voss) readily penetrated a highly structured Lucas silt loam, but the roots
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Fig 11 6 Plant roots located in a vertical shrinkage crack of Houston Black clay. Note
that the roots apparently were unable to readily penetrate the vertical face of the crack.

(Photograph courtesy of E. Burnelt)
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Fig. 11.7. Roots of white spruce (Picea glauca) confonning to structural ped surfaces in
a Lucas silt loam at Ithaca, N.Y. (Reprinted by permission from R. F. Sutton, Form and
Development of Conifer Root Sysienu, © 1969, Commonwealth Forestry Bureau)
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Fig. 11.8. A cross-sectional segment of three sugarcane (Saccharum officinarum) roots
showing a badly distorted cortex. The stele shows slight distortion. Roots showing this
amount of distortion are physiologically active. (Reprinted by permission from A. C.
Trouse, Jr., pp. 137-52 in 12tk Congr. Int. Sugar Cane Technol. PTOC. © 1965, Elsevier
Publishing Company)

occurred only between structural elements. The roots were flattened in
cross section, and they zigzagged, conforming with the structural element
surfaces (Fiji. 1' "^ Misshapen roots are common in soils high in clay
•-„—.1 v.ocepnenson and Schuster, 1939; Trouse, 1965). Nevertheless,
these deformed roots (Fig. 11.8) are physiologically active (Trouse, 1965).

2. Difference in Growth Conditions between Ped Surfaces and Interiors

A word of caution is necessary here. Currie (1962) has emphasized that
ped interiors and ped surfaces have different aeration relations. There-
fore, one should not assume that excessive soil strength of the ped interior
is the only cause of high concentration of roots at the surface. Also, water,
temperature, nutrition, and pH may differ between ped surface and in-
terior. The effects of ped size or shape on total root growth or crop yield
are not known.
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In structured soils, there is considerable difficulty in actuaHy assessing
the soil strength that a root must overcome to penetrate. First, most
penetrometers are larger in diameter than the elongating portions of
roots. Second, the root tips often have mucigel layers (Leiser, 1968),
which may reduce the coefficient of friction between root surface and soil
particles below that which occurs between the penetrometer tip and soil
particles. Third, the root is easily deformed (Camp and Lund, 1964), but
the penetrometer tip is rigid. Fourth, different types of penetrometers
used in root penetration studies give different values of soil strength.
Thus, measurements of media constraints with penetrometers are, at
best, empirical. Measurements of soil strength and other root growth
parameters should be made on a scale about equal to the diameter of
the root.

C. Horizontal Pan Effects

1. Rooting Patterns on Pans

Most of the highly structured soils are fine textured. However, fabric
discontinuities also exist in loams or sandier soils. Some of these hori-
zontal layers, variously called hardpans, plowpans, tillage pans, plow
soles, or tillage soles, divert roots and reduce rooting intensity below the
pans. Initially, young roots grow downward through soil loosened by
tillage. When they encounter a soil pan, part of the roots enter the pan
and part are diverted horizontally. Roots that penetrate the pan at least
1 cm exhibit a reduced elongation rate as the soil strength increases. The
roots that are diverted laterally may later encounter a vertical crack
through which they can penetrate the pan (Taylor and Burnett, 1964). Ii
no crack is encountered, the roots continue to grow horizontally alon
the pan surface until growth conditions change.

Soil pans sometimes restrict plant rooting to the few centimeters of
soil near the surface (Fig. 11.9). As a result, the plants are subjected to
extreme drought conditions in semiarid sandy soils. If soils containing
pans are chiseled deep enough to disrupt the pans, plants will grow into
the chisel slots but not where the soil pan still remains (Fig. 11.10). These
soil pans, by reducing the depth of rooting, will reduce the quantity of
water available for plant growth (Lowry et al., 1970).

2. Transitory Effects of Pans

Effects of soil pans on root growth often are transitory and depend
largely on water content of the soil pan. Taylor ei al. (1964a) investigated
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Fig. 11.9. Root system of a pigweed (Amaranthus retroflexus) that grew on soil with a
horizontal soil pan of excessive strength. (Reprinted by permission from H. M. Taylor
and E. Burnett, SoilScL 98:174-80, © 1964, The Williams* WilkinsCo., Baltimore,
Md. 21202, U.S.A.)

depend
-sti gated

17 root-restricting pans in the Southern Great Plains. They concluded
that excessive soil strength caused by drying in the cohesive pan layer was
the principal reason for distorted rooting patterns. If pan layers were at
water contents near field capacity, most of the roots penetrated the pans.
However, few roots penetrated pans that had dried below — 1 or —2 bars
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Fig. 11.10. On a. compacted soil, cotton (Gossypium kirtutum L.) plants were established
only where the planted row crossed a soil pan fracture created by chiseling to a 30-cm
depth. (Taylor and Burnett, 1963)

water potential. Thus, rain or irrigation could change a root-restricting
pan to a nonrestricting one. Sometimes, cotjon roots penetrated pan
layers that later dried sufficiently to girdle plants. If the girdling persisted
long enough, the plants died (Mathers and Welch, 1964), probably as a
result of reduced transport efficiency for water and nutrients (Tauben-
haus et al., 1931). When the pan layer was rewet, the roots again expand-
ed radially (Taylor et ai, 1964a).

3. Crop Growth Effects

The root and shoot systems of a plant are dependent on and competitive
with each other. Roots absorb water and minerals; leaves provide photo-
synthates and growth compounds. The proportion of the total supply of
water, minerals, photosynthates, and growth compounds used by a parti-
cular organ changes with the environment Therefore, the effect of a given
level of soil strength will vary from environment to environment.

Consider a soil pan at a 15-cm depth which is rigid and has no pores
larger than the rootcap. If the 15-cm depth above the pan can readily
supply the plant's demand for water and nutrients without altering the
heat or osmotic balance, yield should not be reduced below that of a
nearby soil containing no pan. Similarly, soil pan strength or porosity
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Fig. 11.11. Relations among soil pan depth, penetrometer resistance of the soil pan 48
hours after wilting, and seed cotton (Gossypium hirauum L.) yield. (Lowry ei al., 1970)

Soil structure can be extremely important to root growth in fine-
textured soils, but soil strength usually is more important than soil
structure in sandy soils. If roots encounter zones of high soil strength,
elongation will be reduced. However, there is no direct, simple relation-
ship between root growth and top growth. In many cases, a small pro-
portion of the plant top is harvested and marketed, so there may not be
even a simple, direct relationship between plant tops and yield of market-
able product. Excessive soil strength usually reduces yield of marketable
product by causing plants to undergo additional stress for water or
nutrients at critical times. Effects on yield of the various types of struc-
tural discontinuities found in fine-textured soils have not been studied
extensively.
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INFLUENCE OF SOIL STRENGTH ON THE
ROOT-GROWTH HABITS OF PLANTS

HOWARD M. TAYLOR AND EARL BURNETT
United SialM Department ol Agriculture*

lor pubUmlfofl September II, |tU

flecnnt loborntary investigations by Taylor
and Gnrclnor (S) indicate tbnt it a soil strength,
and not soil bulk density nor any other physical
factor of mil, thai actually controls the pene-
tration of cotton taproots through cores of
Amnrillo fino tnndy loam voil nt Vt- to %-bar
soil moi»turr tension. When soil strength (te
monmired with a. soil pgDctromeUr) is greater
1hnn 30 bnrs, no root* penelrnte the core*. When
the Btrength U less than SO bars, the percentage
of the root? that penetrate the soil is inversely
proportional to soil strength.

Field experiments relating pltmt rooting habits
to oompnctnesf nnd rtrenpth of Aranrillo fine
windy loom foil were conducted during the 1950
nnd 1961 grcnving toasbns at the Big Spring,
Trxns, Field Sintion. In tbi? report, rejultt of fho
two field investigation* arc evaluated and the
critical »oil strength concept it examined for ap-
plicability 10 several types of plant* grown unclor
field condition*

The *\irfiirc horizon of Ainnrillo fin? Miuly
loam i-oil (A,) if browu to reddish brown fine
windy lonw; sinjrleiirrnined or weakly granular
urmcTiirr: frinblc when moim b\it hard when
dry; neutral to alkaline in rcnetion: nnd 20
to 36 cm thick. Tbe uiteoil (Bt) it reddish
brown sandy clay lonm; wonkly prismatic ind
nubangulir blocky structure; friable when
moist but very hard when dry; neutral to
glifrhflv nlknline in reaction; and 00 to 110 cnt.
thick. A more dftniled description of the *oil nnd
some (licriiMion nf the clii\utc lian bean published
clxcwlicrc (3).

PROCEDUR!

}0-ilf Experiment

In Decnnbcr, 105S, four plot*, 4.5 by 7.7 in..
.«eiinr.'n«l by lOlcA's 2 m. wide, were diked nnd

'Southern Plaint BinncK, Soil »o<i Water COTI-
•orvntiou Ronoareli Di«-i»ion. Affriatliunl RMrarch
Scrvifc, Soutluvcsiorn Orcnt Plninc Field Station,
Dutlilnnd, Tcxn*, nnti Dlneklnnd Comer vat ion Ex-
jicrJinoiH Sintion. Temple, Te.\u.

flooded witJi 10 cm. of water. For comparative
purposes, two plots were left at field density.
Some IS houri aftei the irnpauon, soil of the
othrr two plott wis compacted by driving a
3840-kg. wheeled tractor twice over e.ich pnn
of tlie plot. After 4 day?, the cmnpnction ]>roc>
tit was repented. The tractor tires left tnckc
5 to S cm. deep during the fir-l tvn tripfi, Inn
diirinp the compncrion 4 clnys Inter, the Tiro
did not materially sink into the <<ail.

On May 10,1959, row? of cotton (Gouwium
hinutvm), stwime (Suamvm inrlif.ttni), jnvnr
(Cyamoptit tetragonolobvi), wb.inia (SrtboMio
exaltata), m>mp bennf (Pliattolut ovreus'), cow-
]x?n« (Vtgna tinentlt var. Cliinaw Red), nml
sorghum (Sorghum vulpaic vnr. Sumnr Sorpo)
"•ere planted oil :»ll four plot=. No seedWtl \v;i--
prepnred, but thr planting operntioi) dinuriKil
«oil to n 5-cm. depth. Decn\icc of dnnvipo front
bloxving sand, pnri of the nrcn \VHH rcpl.'inrcrl
in early June.

To mietnin vepctatjve prowtli on tlir com-
ported plots, on July 6 ;i 5-cm. impMuoii wa.s
n)i])lird by cprinklerc to nil plot?. In .luly, nuiii-
luplet bulk denjiry MnipU'^ xvcri1 obtnincd by
(lo|)tli inarrmciKE, iwiug a Pomona wimplor (1).

J901 Expcriintni

To elunin.tlr any previovis compnction, thr
soil \vn* disk-plowed to a 25-oTi. depth nod
irrigated niffiocntly to wet the upper fiO em.
Wlirn the roil wai dr>- enough 1o «<ip|>ort ii, :i
JiOO-kp.-wQiflit road roller wn; dn\-cn tnicc
over the surface of half the plots.

When the compacted toil \VM dry rnmiph to
shatter Appreciably by chiseling, tillage vari-
able? vcro imtnlled on nil plot*, both nonrnm-
pacted and comparted Thfso trenttncni* «crc
(a) DO Ullage, (b) chiseling 2;> (o 30 rm. der)> <>i>
JOO oin. centers, (e) dink-ptovvinc to 25 cm., ond
(d) sweep tillage 10 to 15 cm. deep.

Cotton (Oontypium hirmitvm vnr \Vfrstern
Stormproof) was planted with a donl>lo-dick
«>if«cc plantar On May 22, 1901. There wn*

174

no cuUivntion nftcr plnnting; v
Numerous rootinp-bubii obeervr

£ during tho (trowini; «cn*oii. After
tyiteme from each tillage treo'

f by depth increments, WA*bed fr
and weighed.

In July, 1M1, «oil itrengtl
were made by two different pr<
situ measurement of vnne Htrenj

'{' a 5-cm.-wide, S-cm.-hi(;h vnne
was at field capaoity; and (b)
ment of soil strength made 1

£ 0.48-cm. cylindricnl-dinmeter ti;
force (cntige* QJ> em. inlo the *o:

F ity.

RESULTS

1339 EtjHrimen;

In 1959 the tractor tire traffi
cant changes in (oil compact ioi
through the SO-cm. depth (table
bulk densities, 1.7? on.' in the
and 1 S{? g./cm,1 iu the corap:
curred in the 10- to 16-nn. deptl

On the compacted jilots, nc
plant roots were prevented fr
through Ihr 10- to 16-cm. depth.
penetrate to greater depths, t
grew through crncki or fi*^uref ii
tone. In M<vcrn1 inetnnec* these <
from tbe 5-cm depth through th
In a majority of intt.ineM. A r
Uternlly until it fncountered n \

. which tlie root followed until it i
other impeding layer. On a nun

;Urger diameter, 3 to 6 nicccMr
proximntely fX» degree* orr nrred
length of root.

A fen roots of all species ei
trnted tlie compacted Inycr
available cr:ick«, but no diffon
observed nmong gpectas in tl
peneirntc tlie campnet Inyor. 1
«f pigweed lAmaranthvt retro.
rooted M-«>d, eonld not jn-net
eompnrt tone (fis. 1).

'Mode) 710-40, John Chntillon
St., NPV York, N. Y. (Product nod

foi- tlie benefit of the
Hot infer nny endorwmcnt or pr
men) of the product listod by ilio V
of Agiiculiuro.)
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SOIL STKEXCTH—HOOT GROWTH

. ON THE
LANTS

JRNBTT

10 cm. of \yater. For comparative :
> plots were left at field density.;
rg after the irrigation, soil of th« »
ats was compacted by driving i:.
sled tractor .twice over each part'-'
Jter .4 days, the compaction, proo^Lf
ited. The tractor tint toft tracks-A
ocp duriut the A»t two crips, but^.
ompAotion 4 days Inter, tha tires.*!
dolly siuk into the soil »
). 1950, rows of cotton (Qwvpiunfit;-.-
CRnme (Setamum irtrft'cum), guir •/
>.ctra(/onolobut), n-obbnnin (Sesbawe. :•:
niff beuiw (Phaitoha aureut), eow-y

«in«>ni/s vnr. Chinese Red), and::_
rp/tum uulgare var, Sumac Sorgo) :̂

:

on all four plots. No zcedbed
t the planting operation distur
TV depth. Becnuse of damage fi
I, part of the area was replant
i.
a vagetativo nrowtli on the <
, on July 5 a 5-cm. irrigation wa»l
prinklers to all plots. In July, Q'
density sumplRs were, obtained
lentsj iiaing a Pomona inmplor (1)^

1061

-ate any previous compaction,
ik-plowed to a 25-cni. depth
fflciently to. wet the upper 60
jil wa* dry enough to support it,.;
ght road roller was driven twi<
face of half the plots.

compacted soil was do*
reciably -by chiseling, tillage
retailed on all plots, both no
compacted. These treatments

ce, (6) cliiMling 25 to 30 cm. deep <
ters, (c) (lick-plowing to 25 cm, <
illftgs 10 to 15 cm. deep.
Oouypiwn hirnttum vnr Welt

planted with a doubli
on May 22, 1QQI. Thero

175

no rnltivntion nf lcr plnnting; «'ceds wore hood.
Viii i icrt j im rootii)c,-linbi) ol^enntions were m.-ule
.luriuff the (rroivinir ISMWMI. Afifr hnrvefl, 10 root.
jsj-ifcins from c;icli tillnjc trentjnont wprc dug
b\ depth increments, wnr-lied free of soil, dried,
inul weighed.

\\\ -Tuly, 1901, soil strength meuureraonta
tvt-iR maclo by two different procedure!: (A) in
•uu nienmirprnont of \7ine strength (4, ti), luona
;i 3-cm.-wide, 5-cm.-hijth vane ivhile the soil
vv»« nt field capacity; and (b) in fitu measure-
ment of foil strength made by pushing the
iJ.4S-c«i. cylindrical-diameter tip of a ChaMUon
lorco f.-Miee'" 0.5 em. into the toil at field capac-
ity.

RB80LT8

ID5Q lifjienment

In 1050 thn traotor tire trnffic caused >-ijtnifi-
nuit clmnuw in »oU completion tltnt ex (OK led
through I he 30-rni. dejidi (table D.Thc liiglmt
Uilk densitiw, 1.73 cm.* in the noiiroiniuictcd
.-mil J.SS F../ta\* in the compacted plot.', ot-
furreil in the 10- to 15-cm. depih.

On (he rnrnpacted plot*, nearly oil of the
phut root* were prevented from penvtnilmg
'iinuigh ihe 10- to 15-ctn. depth. A few rods did
ix-m-tnite to {renter depths, but these roots
irp\r through crack* or fissures in the compacted
zone. In jwvcrnl instances these cracks extended
I'roiQ the 5-om. depth throngli the '20-ctn. depth.
In a majority of instances, a plant root grew
laterally until it encountered n vertical rhnnnel,
u'hich the root followed until it encountered An-
other impeding layer. On a number of roots of
l3rc*r diameter, 3 to 6 successive turns of ap-
pmxlmntely 90 degrees occurred within a oO-cm.
Icnjta of root.

A few roots of all upecie* eventually pene-
'rated the compocted layer by following;
•ifnilablr nr.icka, hut no differanoM ennkl be
il'«rv«d nmong upeoies in their ability to

the compact layer. Even the roots
(Amarmthvi retro flnvs) , a tnp-

wpcd, could not penetrnlo the most
wnipart tone (flg. I ) .

719-40, Jolm Clifltillon A 9ona, 85 Cliff
. -\>tr York, N. Y. (Product end company name
nrltKlnt (or the benefit of the mutor nnd tleet

infer nor ondoisemunt or pref«rcnliul trCfil-
t of I he product Jistod by iho U. S. Dtpmimoru

^ Atii«ulluiv.)

TABLE ]
Effect of ctniipartion treatment on tht tail bulk.

AvmriUo Jim tandu loam (IMt
_trpmiiHtnt)

DcpUi

**.

0-5
5-10

10-13
15-20
20-25
2/MO

Nonciwptctwf ComiMdxl

t./tm.t

I. SO
1.4H
1-7.1
!.(«
1.71
1.03

l.ff
1.80
1.88
1.80
1.75
l.W

Fw. 1. Root system of a pigweed plant thai grew
on soil trith a soaa of excessive stnncth.

Soil of the noncompacted plots contained a
moderate soil pan that had developed during
previous yean. When the soil of these plots was
near field capacity, most of the roots of all
species coidd penetrate the pan, even without
the aid of .1 soil oraok. When soil of the moit
oumpnet tone was still within the Available water
range but near wilting point, the plant root)
did not grow through the toil mass.

1981 JCxptrimtnt

Av-crnjjc bulk density of the 10- to 16-c
dopth in tho compacted plots again mm 1.8o



nw H p p i i e o KG sear

176

iu • oicooooozo

TAYLOR AND DURNETT

3O 10 • ui INO . r . uo

? in MHO (tiil)ltf 2). The horixontnl vari-
ntioii? in bulk density, however, were muck lew
in 1«01 Oiau in 1050.

Tlic varioue tllingc treatments cnuwl quite
different reactions in (lie compacted *oil. IDiak
tillnpc effectively pulverigcd the compacted soil,
hut ritual f.illnco tended to plow n t.rcncli iihout
1 ft to 35 r.m. wide fit (lie wit wirfnw rnth^r
limit to aliAttcr the entire «oil volume. Swoop
treatment* wore difficult to estnbligh becnuw
«woeiMi eifher tended to penetrate too deep))1 or
dkl not pcnctrnte the high-strength soil surface.

EstnblMimeut of tlit cotton needling* varied
with tbc compaction nnd tillage treatments. Al-
though an adequate number of plant* emerged
on all plot*, A (err weeks later the seedling plants
bnenn to.die on plot* where the compacted soil
wai not disrupted by any tillage. Most of tlie
piaott died OD the compacted no-tillage plots.
Cfc plot* that wen oompactad and then chiseled
tie teedllag plants mirvived where th* planted
row crowd a chiiel trench but died in the area
between obife] trenches. Flout •sUbliBhmcot
wa> adequate on all noncotnpacted plow and
on the compacted plots that wer* later tweep-
07 di»k-plowed. prior to planting.

BrT«cu of toil compaction on rooting habiu
of ootton were verj' striking (fig. 2). Compnc-
tion-of tht aoil, if not subsequently loosened
by a tillap operation, cauwd a marked rcchiction
ID the weight of roots thnt developed in the eoil
layart below 15 cm. (table 3). Diitribution of
foot* bettt'Mn the various soil depths olfo was
affected. On noncompnrtnd plou about 70 per

TABLE 2
Mfftet of cempatlien and liftoff Iriatintnlt en bvlh

of A.r/\arilto Jint ««ndp laaiu
Mail

Dipth

tm.

0-0
5-10

10-10
16-30
ao-8o

Non-
CODf

«£M,
X*

Tm»n

*****

H.
illtta* io io em.

Dulr-
IllnrnJ
tall en.

CWwlid

t«Sn
don

IB-

Mm*

,./«-•

i.an
1.00
1.01
1.07
1.7*

1.7S
1.88
1.88
\.W
1,78

i.ra
i.no
1,83
l.M
l.fiS

1.50
i.no
1.73
l .flB

i.m

3.7fi
1.80
l.&lt
1.84
1.07

1.70
1.72
i. no
1.01
i.«8

Fid 2. Root iy*tem* of cotton gro«-n on plot*
(loll) that were not coropaciod but were »w«p
tillad 10 cm. deep, ud (rifhl) that were compacted
and iwatp.tillad 10 cm. deep iu 1061.

cent of the root weight was in the upper 15
cm. of mil. On the compacted plow that were
sweep-tilled, root percentage within the upjicr
16 cm. of toil wat increased to 80 p«r cent.
Between clueel mark* on compacted plota, the
entire root cyatcni weighed much lest thnn on
the ncmcompncted plots, but the percentage of
rootc within the upper 15 cm. deereaced (n 55
per cent. A root ryitem within the cliiiel trenrli.
however, weighed more tlinn it weighed under
any oilier coodition. P«r( of the moiwurc
willn'n the noachiaeled soil wat available for
growth of plnnts catnbli«h«l on or near ihc
chiseled portion of the soil vohivne.

Compaction and tillage treatments affociod
soil strength as meaiurerl with a penetrotnrtrr
(lable 4), Wbon thif »oil "-ii« compacted, wril
strength incruaaed. Wlien the compncled voluiw
of soil wa» tilled, the strength ilecreneed. A
relationahip between bulk density, wil mois-
ture trnsinn, and soil strength for Amnrillo soil
nt this rite if pubHahcd elsewhere (S).

On AugiiFl 6, hoightE of cotton plant* prowii
on the fompaeted-no-tillnno nnd on t)w
rompncted-weejvtilled plolc were aijtwificnntlv
different (nt the 5 per c«rf l*val) from tJ»o?r «f
plants ;ro\rn ou any other treatment (inMi 5>

Tlie difference in root growth ftlao cnn;cil
mpnilieAtit differences in lint cotton yield
fll. Linl yW<l on rlie campflrtod-nontillod•
\vnft lev thrtn hnl[ that of the nonooiup.te.tril
plots, re&irJU^s of the tillage treatment on tlir
})0])<v>in]>notcd »)otj. Yield «( thfc floninor.f«l

TABLE 4
of compaction and

wHtntt»fin» aaiwty loan icril Krai
uiifc a ptnttromtttr (.

* Idoiiture content
I other measuramentt wtre ma

aa approximately fiel<

iweep.talkd plot* *l*o
• thaa thoa* of the noaeon

oiaccauow

of the two txperim
kat toll completion altered th

/*t cotton and other t>-po» of p)
the cotton »»«d» genni
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TABLE 3
o/ umpection and Hllogt trtatmentt on eolton-rort dittrQtvtim (1991)
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yitein* of eoltoa |ro«i on ploti j
not eomimoted but wore twetpl

i. and (nj/it) that were compeoled
10 cm. deep in 1061.

>t weight vms ui llw upper
the compacted plot* that

ot peroejiTflge within the
\va« increa«d to S9 per
marke on compacted plow, th»s.

.era weighed much lew than
:ed ploti, but the percentage
e upper IS cm. decreoaed to 61
, jyntero within the chiiel t
ed more than it weighed
idition, Fort of the
tchiaeled soil wai available to
all established on or near
. of the eoil volume,
and tillage treatments flff«

i meaeuraa with a penetrc
in thii aoil vrng compacted,
;cd. When the compacted voh
llccl, the strength decreased. '^
ilween bulk density, soil ma
id toil strength for Amarillo
iblinlied(tlw«rhert(S).
, heights of cotton plonti
iaoi«d-no-tillage and on
•p- tilled plot* were tigniftoaDi
e 5 per cent level) from thaw«
n any other Treatment (table
cat in root growth alw
renew in lint cotton yield (t
on tlw. eompneted-nontiUed I
bnlf tliot of tho noneompac
.1 of the dllngc treatment on
nlots. -Yield nf th

D«pta

M>.

0-16
ia-30
30-M
46-80

Tot4l IA 00 OB.

No*C«B»MMt'

vM«il

I.

1,98
1. 66
0-38
0.19

7.06

•MI
tilBL

%

TO, a
31.0
6.1
2.T

100.0

CaaptcM*

HoillUi*

M

t
a.B3
0.14
0.20
0.07

2.04

Koot
dUcrt.

%

M.5
4.9
6.0
2.3

1 00.0

ImptUlift

Km
waltkt

1.

B.W
0.15
0.17
o.n
s.oa

IA»I
ikot.

%

80.1
s.a
4.3
9.8

100.0

r^i^.1 tjllm
iia-

î<
7.a«
a.ig
O.fiO
0.27

10.08

s&
%

71.7
90.5
5.8
3.5

100.0

•"saf"
Ji£ft

i.
o.ro
0.14
0.81
0.10

1.48

X«*
dhttt

X

95.2
9.8

si.r
18.8

100.0

' Bach ••eight U the tTertgt of

TABLE 4
Sfftct of companion and tillog* trtatmonti on
AmortUa j(n« umrfy loam toil «<r«»fffc «• meatvrtd

TABLE 5
£/««< 0/Mmpacfon and WIoj* (r«a(m«n<e en «e«o.v

Stptk

-
0
6

10
15
20
as

No*.
cvn»

9»ud,
offii.

2.8
4.1
8.3
6.3
8.8
8.8

Va

4.1
36.6
18.5
13. 8
10.4
18.1

(019CB.

ton*

2.8
3.6

36.0
37.6
23.0
21. i

'•MMAUl

WUCB.

ui/tmJ

8.
8.
r.
8.
r.

17.2*

CUwl
30

»
2«»

5.5
34.8
80,7
17.9
14.8
15.8

Mta
IB.

IB
>l*t»

3.8
6.6
6.2
4.8
8.4
3.4

None . . . . . . . . , ,
Sweep-plowed
Chieeled

<*»-*•

«

38 •
46 b
68e
5V od

-̂PM*.

«.

65d
M ad
64 d
M d

* Letter* deaot* eignlaeaaoe at < per eent Uv«l,
Dmeaa'e multiple range. Means (ollowad

by the MOM letur do not

*Mol»turo content, wai balow field capacity,
ill other meararemente wen made while moiitur*
Content wu approximately &eld sapecity.

then twMp-tllled pJoti aim wae ngnifioindy
lower than thoae of the noaeooipa«ted plots.

DiactTMtotr

Retulte of Uiu two experimenU aho* clearly
that aoQ eompaetion altered the rooting pattern*
°t cotton and other type* of planti. During both

the cotton aeed* eermiDated, and unlaw

TABLE 6
Sfftct of compaction and tittup

loam toil m lint
(J981)

None
Bw«ep plowed to 10 em. .
Chl«eli on 100-cm. oen-

ten
Dlik plowed to 35 em. .

COMPOS*

$J

10.1 a
38. fl b

48.6 e
40.0 bo

tooapKtad*

•.»

48.5 e
4».8o

48,7 o
43.0 e

• Letter* denot* »ignifloa»t» »t $ per een* 1*T*1.
ueing Bunean'e multiple Mage. Meaaa followed t
the aame letter do not differ algniflaaatljr.
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diverted or impeded by a compacted toil layer,
(he taproot* grew downward. The root diversion
nearly always occurred at the plane between
compacted aad loosened soil.

Fountaine (6) stated that degraded eoU
structure affects plant growth through it* effect
OD Mil-water, soil-air, or soil-heat relations, or
through iti effect cm mechanical impedance of
a Mil. Each of these possibllitiet win bo ana-
lysed to determine the reason that sou compac-
tion altered plant rootbg ia Iheec two experi-
ment*.

Moiiture cantant on a volumetric basil ii in-
oreeaed by compaction if a toil ia sufficiently
urjttturated (2). Moisture content on a weight
bails at a stated moiiture teoaion also may be
altered (9). Ia the current studies, neither
of theae two effect* of compaction on soQ-
molrture relationshipe seemed important in de-
termining the rooting habita undar the particular
•et of environmental condition!.

In 1061, plots were wetted thoroughly and
allowed to drab for several day* before the
compaction aad tillage variable* were imposed.
Soil moisture at planting time was adequate
for normal germination, leading establishment,
and early development of cotton on noncom-
paoted plot*. Although lome differences among
plot* were observed in the amount of runoff
from the ralai that occurred (table 7), it ia
doubtful that the difference* in water intake

. rates would hare oauud the change in the cotton
rooting pattenu. Selected isolated cotton plants
were watered every fow days to further test

TABLE) 7
Brumal pndpilaiion during 1966 and zM/ (U. S.

Dtf. Ar- Sit Sprint P*U Blatim,
Big Bfrinf, f*>a«)

Mwik

Aorll
May

July

Aoiust
September ...
October

Total

»if

w

1.60
9.85

12.62
11.88
4.M
8.40
0.41

42.04

INI

i.

0.08
2.06

18.67
16.61
0.23
8.16
O.B)

41.48

the hypothec* that It wu soil strength, and not
any of the toil-water relations, that was the
principal factor limiting root growth. Binoe thit
additional water did aot notioeably change the
cotton-rooting patterns, it wu concluded that
neither the moiiture retention nor the moit-
ture transmission effects of soil compaction
caused the change ia rooting pattern.

Soil oompaotion reduces both the total «jr
oapacity of a toll at field capacity and the air
tranetoiaaon rate of a soil (10). Although
either of theae effect* could reduce soil aera-
tion, the paaribih'ty in the current experiment*
that lack of adequate aeration caused the de-
creased top and root growth if remote. Thit
conclusion it baaed on:

1, At field oapacity and at a bulk density of
1.60 g./cm.*, the total air pornnty ol tbk fln»
sandy loan soil is about If per nent of the toil
volume. Baver (2) aad Votnooil and Hooker
(10) state that 10 per cent by volume aeration
porceity is about the critical level.

£. In most instaobes, there was a very sharp
boundary between soil tones where roots pene-
trated satisfactorily and those zonei where few
or no roots penetrated. The boundary between
adequate and inadequate aeration could not
have been that sharp w this soil.

S. The rooVf rowth impedance occurred more
frequently and was more severe when the toil
moisture content decreased within the available
range. If soil aeration were the limiting factor,
root (trowth within the compacted layer would
become more profuse ag the coil moisture ooa-
tent decreased toward the wilting point.

Since differences in soil temperature* were
minor and erratic between the tones where
root* could penetrate and those fail iones where
roots were excluded, it wu concluded that any
effects of salt compaction on heat capacity and
heat flow had not caused the altered rooting
pattern*.

Wienom (11) suggested that a plant root
growing into a rigid system i* only *b)e to pene-
trate a pore that hat * di«n«Ur exceeding that
of the root tip. Previous research, however, wing
wax substrates (7), has shown that cotton rooti
readily grow into and through 2 or 3 am. of wix
if this nonporous substrate is not too rigid-
Thus, soil compaction reduces oottou-root pene-
tration by inoreaMng strength of the soil in
which pores are located rather than by reduc-

the alse of the porea below

ith visual observation* and tl
>table 4 showed that the roc-tin,

waa drastically aflsoted by thi
r. On the plot* that were <•

it subsequently tilled, very It
soil layen below 16 cm

strength encountered to that
at the fr-om. depth, Ia th

i, the tooto apparently penet
10-cm. depth aad then wei
layer with the 2A.9 ban itr<
ohiael matin la the oompa
led plot*, the roots did ncr

extent where the sol
ban. At the dO-cm, soil de

ipaoted part of the chiseled p!
present. Apparently tbci

tted the soil through the chisel
laterally into the soil *

-hat lose than 164 bus.
Since, during 1039, no itwgtl

with a comparable sire
i, DO direct comparisons bet

two experiments can be ma
ipanaon, however, can be i
bulk densities. In both yean

id bulk density was 1.88 g./
ffhy gave strength readings of 26.

the 1961 experiment and, froi
published curve (6) for streni

o.e
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i

Fio. 3. Th»
that meanred by the vane
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that it was soil strength, and not
.I-water relations, that wu the
• igniting 'root growth. Sine* this
>r did not noticeably dungs the
patterns, it wu concluded that
oiuture' ntention nor tbe mob-
ion effects of nil compaction
ige in Tooting pattern,
tion reduces 'both tho total air
ioil at field oapeaity and the air
•at* of i soil (10). Although
3 effects could reduce sou" aers>
bility in tfaa current experiments
.doquata aeration caused the de-
ad toot growth Ifl remote. This
ued on:
opacity and at a bulk density of
•J»« total air porosity of thii fine
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>r (2) and Vomocil and Jlooker
it 10 pei cent by volume aeration
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.t sharp in thii ioil,
^growth impedance oeourred
id wu more aevtre when the
ient deeroo«ed within the a'
aeration wen tbe limiting

within the eompaated layer
i profuse.u'the soil moisture
d toward the wilting point.
iMttoee, io soil temperatures
srratio between the- tones w
wnetrate and those sqil wnes
xoluded, it was concluded that
1 compaction on heat capacity
ad not caused the altered

(11) sucsMted that a plant
> a rigid system is only able to ]
ibet hu a diameter eweeding

ip. Previous research, however, i
te* (7)., hu shown that cotton
r into end through 3 or 3 «m. of'
porous substrate is not too
ompaetion reduce* cotton-root
increasing strength of the n

i are located rather than by
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ing the tut, of the porea below some critical
diameter.

Both visual observations and the root weights
in table 4 showed that the rooting habit of cot-
ton wu drutloally affected by the high-strength
layer. On the plou that wen computed but
not subsequently tilled, very few roots p*n«-
trated soil layers below 16 em. The highest
toil strength encountered to that depth WM 25.6
bars at the 5-om. depth. In the sweep-tillage
plots, the roots apparently penetrated easily to
the 10-om. depth and than were impeded by
the layer with the 20.0 bars strength. Between
the "V"l marka in the f"ni>«*ttft and then
chiseled plots, the roots did not grow to any
appreciable extent where the soil strength wu
24£ ban. At the 30-em. soil depth under the
compacted part of the chiseled plots, tame roota
were present. Apparently these rooti pone-
tnted tbe soil through the chisel mark and then
ipread laterally into the soil with a strength
somewhat less than 16.8 baa.

Since, during 1959, no strength readings ware
made with a comparable strength-measuring
device, no direct comparisons between resulta of
the two experiments can be made. An indirect
comparison, however, ean be made by using
soil bulk densities. In both years the highest re-
corded bulk density wu 1.88 fr/em*. Thi0 den-
sity gave strength readings of 2&9 and 27.6 bars
in the 1961 experiment and, from extrapolating
a published curve (8) for strength of Aaarillo

O.B,

soQ at H-bar soil moisture tension, about 28 ban
in the laboratory experiment. In 1950, there-
fore, roots of several oropa wan prevented from
penetrating sou* at a strength of about 28 ban,
but could penetrate soil with a soil strength
reading of about 19 ban (field capacity at a
bulk density of 1.78 g/am.').

Thus, the field experiments tend to verify
the oondudons from .the laboratory experiment
(8), that exoessivt soil strength, affected the
rooting habit of cotton. In addition, the field
«xp«rim«nti confirmed that the critical omit
for this soil wu about 25 to 80 ban soil
itreagth as measured by one specific p*netrom-
eter.

Without further evidsnoe, many workers
might question the advisability of using a
penetrometer u a measure of soil strength. As
a cheek, coil strength u measured with a
penetrometer was plotted against soil strength
at meuund with the vane shear strength pro-
cedure (fig. 8). In calculating vane ehe»-
itrength, it wu assumed that (a) the s
sheared along tbe surface of a cylinder who^_,
diameter and height wen equal to that of the
vane, and (o) tbe distribution of shear stress
wu uniform aoroas the bottom, of the cylinder.
Although magnitudes of soil strength vary
greatly between the two procedures, the corre-
lation coefficient of +.97 indicates) that results:
from either procedure con be used satisfactorily
to predict plant-rooting behavior through high-

O/11

toi

6 10 18 20
PCNCTPJOMCTEft SOIL JTRCNOTH (BAM)

Via. 3. Th« nlationihip brtweea foil ttrwctk u mmured with
that measured (7 the veae shear strenfth procedure.

toil p«netrometer and
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strength nil. The peaetrometer was more eon-
veoiaot to use in then experiments.

Two field experiments were conducted to
evaluate the nuobaBima that causes moiit eom-
paeted AmariQo fine sandy loam nil to impede
plant-root growth.

The results ahow that it is soil strength, and
no other physical factor of the toil, that controls
powth of roots through this moist soil. Boil
strengths, ai measured with one specific pane-
tromator, of 26 to 30 ban at field capacity pre-
vent root penetration through the soil mass, but
rooti will grow through 4 soil layer with a
strength at flald capacity of about 19 ban. A
few root* penetrated layer* of 26 to 80 ban soil
strength by following low-strength natures or
cracks,

There were no apparent differences among
several species of plants in their ability to pene-
trate high«etrengtb layers.
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SYNOPSIS. In t Uboniory irudy the
•bilicy at Bluu men varied with ttac Pl*a« ipeci**. *•»••
owing abilkia of lagoraa roou wct« not ligflificuJtly
patter rtae dtOH of

MANY investigators have reported that legume crop*
benefit soil physical conditions (3, 8). Some have

.iadlcated that legume roots will, under certain conditions,
aeoetnte compact subsoils. Measurements have shown in-

i in coral poiosity, numbers of large potes, water
rates, and root penetrability of soil layers permeated

by legume roots. At tunes, however, negative results hav?
beca obtained when legumes were used to relieve com
ftcbrd soil conditions.

Statements frequently appearing in published technical
h'ttacare (2, J, 4, 7, 8, ?, 10, 11, 12) aRribute iroprovt
outs of soil physical condition to an ability of legunv
nob to penetrate soil horizoni that roots or some otto:
trpes of crop plants amot penetrate.

agaificmc ehaftgei in mil, phylidl condi>inn« fan tir
jcpsTte? from any type of root system only if the roots
pmenate and thoroughly permeate t given soil layer. Obvl-
utl)-, Ihe greater the number of toots that can penetrate A

nil maw, me greater the opportunity for soil improvement,
f all other factors are equal, plants with profuse root
nnching characteriicia should provide more improvement
i toil physics! condition thin plants with moderate
(inching characteristics.
To penetrate a soil layer, an individual plant root must

now into and through an available void larger in diameter
MA the root tip (19), the root must become sufficiently
•wormed to penetrate through an available void, or the
mt must exert sufficient force to create «• path through the
Kit nucexial by moving soil particles.

When pores or »oidi arc present in a substrate, their
ata, contiAuihr, tod tortuosity are; extremely important in
penetration or plant roots. In additiou, rigidity or the void
* pore wall} largely determines whether i pore can be
awnded by a root tip with nonpocous substrates.

Recent research (13) with nonporoiu substrates indicates
Ait certain plant roots can penetrate 2 or J centimeters
*f selected waxes. Plant toots may grow into and through
•» dopth or* wax depending upon the cocffitie&t of mobtl-
Jof the wu material, the species of plant, and the amount
*> WKhorage of the root abov« the root rip.

Other investigators have concluded that root growth
tafures depend on oxygen supply (3) and turgor pro-
** (6). A recent renew (14) emphuiies 4»t roof
"~wn rates—and presumably root growth pressures—are

Kneed by mechanical resbtaoce ofsoil, moisture supply,
*ion, teunperature, chemical environment, and disease^
* ceseuch reported in this paper WM designed to eval-
the relative penetntion of fee roots of certain legumes
compared to those of cotton ind sesame under ex-

from Soil sad Warn CooMivstlon Reteaich Di»i-
USOA, iad rlM T«M* Afdculturtl Ixptcimum Statiea

*j
-,. f.-;

). Vntom Soil ind \lttut M»o»g«mmt
BnAcK SVCKD, AXS. U5DA. South***** Gitmi Muni
tioa, BuMand, T«, and Port Colling Colo., rwpeciivtly.

perimental conditiotu where mechanical retistance of the
toil is th« »ole limiting factor.

EXPERIMENTAL PROCEDURE

Wax luUutici wtce u*ed to piondc oenporau* me4!« for tha
coot pcnetratiM exptruienu. Eicn »b«t«te -wu prepared by b«*i-
iatf » comncfutlly aviiliil* nut w approzimaalK 20* C. wova
melling point and pourinj a Vi'lnch layer of max Into a gallca
fruit (tn cut to oae-btlt ongiatl h»jght. TMi vmx Uyer wu
*llovH to luidsi until tcmpenmie t^uilibrium WM icachcd in*
ilde a growth chamber. Nioe waxes were used ro provide widely
differrar >vb*mie tijidiun. ABMOOB Caci«]r of Toting XaMrUJb
NenUc Paictatiea Te« D 1J21-57T (1) *u a«cd to metture
penetrability of the six harder; or more rigid, wixei. Cont Pene-
Uftliofi Tett O ?>7-<fT -VM »*ed tg m««liu« ngijiiy of the ftaec
lofter WMH. These teitt mcaturt by 0.1 mm. increment! the depth
rhat inndird probci will peaetnte the waxes under controlled
conditions. Since the probe ihapn ire different, t discontinuity
exits m ptaelntioa avimbffi

Amtrillo fine iindy lo»m, colUcted from the 0< ta 4-inch layer
of i cuJiivtm! field nfir Spide, Texas, wu Died. ChtracterilUc*
of tKii wil tn lifted in tabJt 1. On each nbctrtte, * %-ineh layv
(300 g.) of IOOM «u dry toil (1.4^ moirrure coawnt V weuhc)
wu ipct«d and the ml surface smoothed. T*tnty-6vt Mtdi otone
of the ipeciei w«re jpicad evealy on the Mil uycr U each con-
ttintr. The seedi were then covered with 300 g. of air dry soil
and the entire soil mm in each can wetted with 75 ml. of witer.
A/tcr wetting, the «ril bulk density wu approxinutely l.» g./cm*.
To tupprni rnporitiB*. c«rh can wu corered with clnr pluric
iMtenal held in place by t rubber band.

Plane special used were («ir (Cra»opi/i leirajonelotut),
hiirr vttch fVieui ntlnt), cowpou (Vitna limmii: vu. Chin««
Red), tesbinia (Submit rxtlitt*), mun| beam (?b*if»l*t **rt*i),
cottcn (Goujfium kinuHim «ar. Storoinnaifer), cod tettine fStit-
««M itiieumt. Only the six nwit rijrid rubitrktci wccc vied, in
Utf toot penttrotion liudief of MUIM, i«iiy vtich, tnd /nunjt
beam. All nine Mbttntes were used with fuar, se»baaia, cotton.
ind Otiiicte reO towpcu.

The <IAI were plated in t atowth chtmber owiouioed u 60* ±
1* T. PUnt (crmlnaiioa and growth period! wen 6 day* for rtpli-
cite i, ! d»r» /or replkate 2, tad 6 dtyi for icpUaM ). Tumitu-
tion of «ch tett ocaiiteil whea pltat leaves mched the plutifi
cover on a ruijoriiy of the C*M. Alter a jrawth period hid ended,
soil wsi washed from the pliat roots ind from the wix surface.
Tht plwt roots thtt tod penetntid etch iub»tretf for « (cut on«
niUimeier were couated. Thii depth of penetration wts selected
trbitnrily u t point it which AOti hfd ichievcd pou'tive pe&e-
tratioo. No tnempi wis mtde to corral tie this depth with tones
of mixinuini sorption of nutrient* or water within the root.

OB replicate ), diunetea wen meuired of loots wisoWi from
the rail uf the harden ww subtmee. None of the roots had pcoe>
trttnl rhi« snhirrttp. UUng i micmmefer eye-place on * meaocultr
microscope, siie of rudomly selected rcoti wu meuured M t dli-

1 Butco Vfut Compwy, Biwidcll, Oklihomi.

Table 1—Cbaracteriwici of 0- to 4ioch coliivaied hyer of
Amrillo fne sudy loam.

SMI •«U«u« UMlM nVlM > 1/1 tV
I Mr
I tan
II hKl

M.It
I.It

.
1.01
•T.IM/U»C.M*I
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579



nu>,nt j |- ' i j icu • JO

580 AGRONOMY JOURNAL

Tittle 2—Effect of wax hudatu oo. the ratio of plant toon
pwucrated to Mcdi |cnuMi«d.

Ww Ow CMUn On-

B< MUM
1 Tl/171
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J.U
!.»
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Ml

• MTU MM«M ?u«lntl*t TulD-ini'ITT f AITM OM> FamMM 1*tt

ufic* of oat millimeter ttoai tht tip. la sJdiuwi. thr vnriiiion in
root dt»n>c<r-r with Hiitinrc from rhc rip wn fneatureJ on i /oo<
t«ictted *o «w)icl« ckinctcriitic lh«pt of the root tipi of nch
specie).

RESULTS AND DISCUSSION
To penetrate a medium with peret unallei than the uhi.

cal diameter of the root tip, roots muit exert force sufficient
to move material from tneit paths. The force required to
penetrate the medium varie* witfa the hudncw—or rigiditx-
—of the subitate. The relative production of rooti which
can exert mfBcieftt force to penetrate various media it illui-
trate%] in table 2. The iatio« befween the roois which pene-
trate the wax tarface one millimetei or greoter distance »nd
the number of *«dt which germinated are presented in
order to correct lot diflerencej. in ^erminiNoa.

When the ASTM wax penetution number WAS 15,5 or
lea—die lower the penetration number the mote rigid die
wtx—no roott from any tpeciea peoettated the substrate
surface to » depth of 1 millimeter. Because the wax pene-
tration numbers weie lets riun 15.5, data ate not pretented
for the 3 most rigid wax tubftratei. Hon-ever, when the
wnr jtenetntinn number *v«* T9.5, sotnt root; oJF til ttcept
one species penetrated the (ubttrate in one or more repli-
cations. No roott of fnung beans could exert sufficient force
to penetrate the substrate with • ASTM needle penetration
numbn 19.5. When the needle wax penetiatiofi numhec
wu 25.0, in average of almost 1 root from each mung bean
accdling could penetute. Mon£ beana, a legume, iccmed
to be trie lea*t e/fcctivt apeeict in exerting the njinimurn
force neoeiiarr fa* «"» o( the roote to penetrate « non-
porous substrate.

Due to genetic variability of the plants and variation in
micio-environment of each roo;, die ability of any one type
of plant root to penetrate a aubitoUe should TOY according
to a prcaumably normal distribuiion pattern. At tubttratc
ri^iditf dccrc«*c», a rJ^idhy ttngt ahould be reached where
only a few root tips can perutrata. With furthtr rigiditr
decreases. Ac percentage or roors with ability tn i>enetrai«
should increase until mot of (he food contacting the wax
so/face should peaetralt the sabstrate. This increasing rot,
penetration trend with decreasing wax hardnesi is appari-.i:
with each of the seven species.

Some of the roots of each species grew through the wax
layen to depthi of greater than on* eeaHnuttr. The avenge
depth or* penetration aeemed greatest in the softest suh-
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itrates, but tKe tat&l depths of peoettntcotv were not
titatively eviluited.

In a rigid soil Jvstem, Vienum (1)) has concluded thai
young roots pus through only pores of a toe excec<iin« the
diameter of a root tip. If it ii assumed that this conclusion
is valid for the type of pJanrt used in this experiment, root
diameter measurements provide a method of determining
root penevatioa iato a tigid soil.

Data indicating the ioe of loots at a distance of om
millimeter ire presented in table 3. Although the measured
diameter of th; smallest toot tip did not vary greatly be-
tween species, there was a wide difference between sped*
in the ammeter of the largest root tip. A large differtnci
alio existed in the average size of the root tips. As an ex-
ample, the range in size of the sesame root lips ***• fna..
0.15 to 0-26 nun. with an average of 0.22 mm., but tht
range in siie of the tip* of the primary cotton root* wai
from 0.2<? ;o 0.79 mm. with an average of n.41 mm. I« ,
soils where pores are well graded in size, there ere taoa
pore spaces thtt are larger than 0.22 mm. than (hat we
larger than 0.41 mm. In a rigid toil with pores veil geiM
in size, the size of the xopt tips make it more likely that •
Iftjune root would grow into and through k compact
than that a cotton root would grow through the same
However, no trend between Tegumts and nonJepiroa •.
site of tool tips wai apparent.

Portions of a toot tip can be claJiifted u the toot of i
Mtd the zones of meristematic activity, elongition,
matunhon. When the root system it expanding, eellf
the cone ol elongation tend to force all cells neater tW,
loot tip ill cough (lie soil mass. This tone of elon*»W
commonly endi at about 1 cm. from the tip.

It teems possible mat growth of cells in the merlati**
and ekmgation toaes may cause root tips to become wedp*
into voids imaller than the critical diameter of the
Because of this possibility of wedging and Wiersum's
conclusion that roots cannot pus through a narrrw-
by meaiu of a short constricted zone, the variation in •*
wim distance from the tip would jnlmance root pef>emv J
tioa into and through « small pore. Table 4 presents
indicating the size or the terminal centimeter o. one or "
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of each specie as a function of diitance from the tip.
shape of this portion of the primary cotton toot U dif-

ferent from the shapes of the other plant root tip* or even
JK literal toots of cotton. Diameter of the primary cotton
(ooc tip continually iacxatted with distance from the tip,
bat the root diameters of the other spetiej. and the literal
(oats of cotton, did not increase to my great extent at a
jjjcujce greater than 2 or 3 mm. from the tip.

When the plants were grown under the same environ-
fflcnttl conditions, ao Urge difference berwecA the ability
of a legume and * nonJegumc toot to ante iti path w»*

> ipparent. Legume* did not always hav« i greater tendency
tin nonleguraes toward profuse brinchiag. Legume coots
did not necessarily vary from thoje of nonlegumcs in toe
gf the terminal one centimeter of the root. Therefore, under
thtse experimental condition!, legumes probably would not
be note effective thin Qonlcgumcj in penetrating completed
rones of one centimeter thiunesx It should be emphasized,
however, du) neither the ultimate size not the relative
longevity of the root channels was investigated. A marked
JiUertnce in one of these two factors tray determine rela-
dve effectiveness of legumes vctsus nonlegumes in soil

| physial condition improvement.

SUMMARY

In laboratory ttudiei, the penetrating tbilitiej of legtime
note w«re compared with the ability of cotton and wiame,
Waxes provided oonporous substrata of different rigidity.
Root diameter mcaiurementj were used to evaluate effects
of toll porosity. Root penetrating abilities vuied with the
ipedtj of plant,, but choie o! legumes were not significantly

than nonlegamet.
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A Graphical "Regression Selection" Technique for Maturity-Related
Characters in Field Corn1

G. W. Gorsline1

SYNOPSIS. A gnpbicmt "ttpttwn leleciioa" recfa.
aioue for grate yl«ld at rtlaitd to oumriry is described
ana lUuivutd it u ihowa that more appropriate po»i-
ilvo uid o«(atjv« itltctioa iMulii from it* UM diia whaa
mirurhy It not adequately coniidired.

SELECTION criteria must necessarily remain somewhat
h* subjective. Various aethodi of constructing selection

have been devised. In oil such indices, specific char-
are jivea more or lets rubjective values. It is prob-

that no two breeders, based on experience sad local
would completely agree on appropriate election

or on usianing relative values,
sequential selection scheme, such as is commonly

demands unbiased estimates of the character in qua-
Certain mure characters of economic importance arc

with matttritj meuures; aniong these is grain

. ' Aitthohied for.publication on January Jl, i960 u papir num>
f> 2128 of the jounul teriei of the Penoirlvuit Ajricuirbral

StMlon.
Profenor of Agronomy, Th» P»nosr[rania State Uni-

Univenity Park, Peansrlvinia. r • ;

rieJd. Uaconfourtdcd valuation of such characten demands
lhac the direct effects of maturity be removed. A graphical
method of {election in relation to maturity is prevented for
which the term "regression selection" is proposed.

LITERATURE REVIEW
Many investigators have recogniied the general positire

correlation of ma'ze grain yield and" maturity (}, 4, 6, 7, 8,
9, 10), although adverse growing conditions are reported
u effectively masking the normal trend in some instances
(I, «)•

Numerous measures of maize maturity have been re-
ported, including (2, 3, 3, 6, 7. 8, 9): («) maximum
Kernel dry matter acvumuJttiori, (b) silking date, ((} tajsel
emergence date, (d) bleached or dead huskj, (t) jxiin
moiicure at harvest, and (f) gnin tat weight Interaction*
between the various measures of maturity have been pointed
out (2, 5,7, 8,9).

Stringneld et al. (7) preiented a graphical method of
corn hybrid grain yield evaluation in •which a scattergrtm
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PENETRATION OF COTTON SEEDLING TAPROOTS AS INFLUENCED BY BULK
DENSITY, MOISTURE CONTENT, AND STRENGTH OF SOIL

HOWARD M. TAYLOR AND HERBERT R. GARDNER

United States Department of Ayrintlturt1

R«e*ir«d for publication Drambtr 4,1M2

Three of the most frequently published ex-
planations for poor root growth in compacted
zones are: (a) aeration was inadequate within or
below the compact zone (1, 3, 6); (o) soil pores
were too small within the compact zone for root
caps to enter (4, 12); and (c) some critical soil
bulk density was exceeded (9, 10, 11).

Adequate aeration is available in compacted
fine sandy loam soils of the Southern Great
Plains. Plant roots can even enter a nonporous
substrate if the substrate is not too rigid (8). The
third possibility—that of a critical soil bulk
density—cannot adequately explain the effects
of tillage or pressure pans upon rooting habits
of plants. The apparent critical bulk density—at
which no roots grew through the soil mass—was
lower in years when substantial drought periods
occurred than during years when soil moisture
was available [(footnote* and (7)1- This phenome-
non suggested that the magnitude of soil bulk
density effects upon root penetration depended
upon the soil moisture content.

In the present laboratory investigation, validi-
ties of the critical bulk density concept and an
alternative soil strength hypothesis were eval-
uated under conditions where soil aeration was
not limiting root penetration.

1 Soil and Water Conservation Research Di-
vision, Agricultural Research Service, Southern
Plains Branch, Southwestern Great Plain* Field
Station, BuihJand, Te-taj (senior author), and
Northern Plains Branch, Fort Collins, Colorado
(junior author).

»H. M.TATLOR, E. BORHSTT, AND N. H. WELCH.
Influence of soil strength on root growth habite of
plants. Paper presented at the 1962 annual meet-
ing of the American Society of Agricultural
Engineers.

PROCEDURE

Cotton plants were grown in cylinder assem-
blies consisting of two steel cylinders with inside
diameter of 4.02 cm. The bottom cylinder was
2.54 cm. long and the upper one 5,08 cm. These
two cylinders were held together rigidly with a
steel hose clamp. The cylinder assembly was
placed on a wetted porous plate of a pressure
plate apparatus (5). Oven-dry Amarillo fine
sandy bam soil in sufficient quantity to provide
the desired compressed bulk density was weighed
to the nearest 0.01 g. and poured into the cylinder
assembly. The soil was soaked overnight and then
brought to H bar soil moisture tension at 80" ±
2°F. When moisture equilibrium, was achieved,
the cylinder assembly was placed in a laboratory
press, a piston was inserted in the cylinder, and
all the soil was compressed into the bottom
2.54 cm. of the cylinder assembly. The cylinder
containing the compressed soil was returned to
the pressure plate apparatus. The soil was again
soaked overnight *"d then brought to moisture
equilibrium at the desired soil moisture tension.

After water outflow from the pressure plate
had ceased, five seeds of cotton (Gouypium Airs-
turn var Stonnmaster) were placed on the surface
of the compacted soil in a cylinder assembly. A
2.5-cm. layer of Amarillo fine sandy loam soil,
equilibrated to the same soil moisture tension
as the compressed soil beneath the seeds, was
used as cover soil. To provide similar plant reac-
tion pressures, the cover soil was firmed by a
8.2 X 10* dynes cm.~* stress on the soil surface.

Sixteen compressed cores of each bulk density
and soil moisture tension were planted. Soil mois-
ture tensions of X, H, Ji» »&d H bars and with
bulk densities of 1.35, 1.05, 1.75, 1.SO, and 1.35

153
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g.cmr1 were used. With a limited number of
samples a 2-bar tension treatment was used in
addition.

Twenty assemblies containing compressed soil
were placed in a SO-cm.-diameter, 2Q-em.-high,
rigid black plastic tube sealed to a clear acrylic
plastic base plate. A covering sheet of clear
plastic film was held in place by strong rubber
bands. The purpose of this small plastic container
was to control evaporation of moisture from the
compressed soil cores. The container was placer'
in a continuously lighted room maintained at
80" i 2T. for a 12-day germination and growth
period. The taproots that penetrated through the
1-inch compressed soil were recorded daily by
visual inspection of individual cylinder
assemblies.

At the end of the growth period, soil moisture
percentages and taproots that penetrated through
the 1-inch cores were determined. Strengths of
the upper surface were determined using a force
gauge* as a static penetrometer. The penetrometer
stress was calculated from the maximum force
required for the 0.4S-cm.-diameter cylindrical
penetrometer tip to be forced 0.5 cm. into the
soil surface.

Four control samples of soil at each bulk
density and soil moisture tension, identical in
other respects to the planted assemblies but con-
taining no cotton seeds, were subjected to the
same procedure. The mean soil strengths and
moisture contents were used to define the initial
conditions in the compressed cores.

To correct for variations in germination, a root
penetration percentage was calculated:

root penetration percentage

1 taproot* penetrating the entire depth X 100
seeds germinated

RESULTS AND DISCUSSION

Many research workers have reported that a
decrease in root penetration was associated with
an increase in soil bulk density. Results of this
experiment (fig. 1) show the same general trend.
The data do not support the concept that any
one critical bulk density exists for this soil, but

' Model 71940, John ChatUlon & Sons, 85 Cliff
St., New York. Product and company name ia
included for the benefit of the reader and does not
infer any endorsement or preferential treatment
by the U. S. Department of Agriculture of the
product listed.

too

§
f-o
Ul
X

£40

L30 L35 LGO in 170 1.73 ISO L85
BULK DENSITY IOH./CM!)

FIG. 1. Root penetration of Amarillo fine sandy
loam soil ae affected by aoil bulk density and soil
moiature tension. Each point represent* 80 planted
leeda.

they confirm that the bulk density at which no
roots penetrate Amarillo fine sandy loam depends
upon the soil moisture content.

In figure 1, smoothed curves drawn through
the average root penetration percentages are
used to indicate the effects of soil moisture ten-
sion on the bulk-density-root-penetration rela-
tionship. At a bulk density of 1.65 g.cm.~s, about
80 per cent of the taproots penetrated the soil
cores at H-bar tension, but only 20 per cent
penetrated at %-bar tension. The soil moisture
content by weight—averaged for all bulk densi-
ties—was 8.0 per cent at H-bar soil moisture
tension, and 7.3 per cent at H-bar, 6.1 per cent
at H-bar, and 5.5 per cent at fj-bar tensions.
Thus, at a bulk density of 1.65 g.cm.~*, a loss of
2.5 per cent moisture by weight caused a 60 per
cent difference in. root penetration. When the
bulk density was 1.75 g.cm~J, a moisture loss of
2.5 per cent caused a change in root penetration
from 60 to 0 per cent. At a given bulk density,
taproots had a greater probability of penetrating
the lower than of penetrating the higher soil
moisture tension cores,

A significant positive relationship (r = +0.48)
existed between root penetration and soil mois-
ture content. The fact that an increase in mois-
ture content caused an increase in root penetra-
tion precludes aeration of the soil within the
cores from being the factor limiting root penetra-
tion. If aeration were limiting, an increase in soil
moisture would cause a decrease—not an increase
—in root penetration.

Since aeration was not the factor causing fail*
ure of the critical bulk density concept, an alter-
native cause must be found. A force balance at
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ion"was not the factor causing I
ical bulk density concept, on i
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the zone of cell division within the plant root
suggests such a cause.

To penetrate a soil mass, a plant root must
exert a root growth pressure greater than the
resistance of the soil through which it is growing.
Pfeffer (2) and Gill and Miller (3) have empha-
sized that conditions affecting plant vigor will
alter the root growth pressure of a plant. Taylor
and Gardner (8) have shown that adequate
anchorage is necessary before a root can transmit
its TTiftTJnmm root growth pressure to the resist-
ing soil mass. Hoot penetration, therefore, is
influenced by three classes of variables: (a) those
affecting root growth pressure, (b) those affecting
root anchorage, and (c) those affecting strength
of the soil.

Soil strength—as measured by the static
penetrometer—increased as the bulk density or
the soil moisture tension increased (fig. 2). Only
the average soil strength for a particular soil
moisture tension and bulk density is presented.
The deviation for a specific determination seldom
exceeded 10 per cent of the average strength.

There was a highly significant linear correla-
tion (r - -0.96) between the soil strength and
the root penetration percentage (fig. 3). About
70 per cent of the taproots penetrated soil with a
strength of 10 X 10* dynes/cm.', but only 30 per
cent penetrated when the strength was 20 X 10*
dynes/cm1. A closer relationship existed between
soil strength and root penetration than existed
between soil bulk density and root penetration
(r - —0.59) or between soil moisture content
and root penetration (r - +0.48).

An increase in soil strength not only reduced
the percentage of roots penetrating the soil but

:w
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•ULK DCNSVTY (CM. CM.")
1*3

FIG. 2. Effect of bulk density and moisture
t*naion of Amarillo fine sandy loam soil on soil
•tnn(th as measured by a static penetrometer.
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FIQ. 3. Root penetration of Amarillo fine sandy
loam toil as influenced by soil strength. Each
point represents 80 planted seeds.

TABLE 1
Percentage of cotton taproots that had penetrated at

time (t), as compared with those that penetrated
at 11 days (cores equilibrated at

soil moisture tension)

Bulk
Denser

fy«»

1.55
1.66
1.75
1.80

1.85

Soil
Stnafth

JO'Pyiw
m.»

9.0
13-1
19.3
23.4

29.0

Penetration of Tiprooti

dt^i
4

<Uyi
5

dtyl
6

d«y. d»Ji
l

dan
0

d*ri

%

60
60
6
0

86
74
44

0

92
90
69
43

98

92
72
64

98
92
84
71

100
100
100
93

100
100
100
100

No penetration of roots

also decreased the rate at which the roots grew
through the soil (table 1). An average root grow-
ing through 2.54 cm. of soil with a strength of
23.4 X 10* dynes cm."1 (equivalent to 340 psi)
required 2 more days to penetrate the soil than
one growing through soil at the same sofl moisture
tension but with a strength of 13.1 X 10* dynes
cm.~*

In contrast to the present conclusion that the
critical bulk density concept is not valid under
conditions where soil moisture loss occurs, there
was a soil strength (29.6 X 10* dynes cm."7)
above which no roots penetrated. This 29.6 X 10'
dynes cm.-* limit was valid whether the high
strength was caused by an increased bulk density
or by a decreased soil moisture content. Root
penetration, however, is a function not only of
soil strength but also of soil porosity—size, con-
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tinuity, and tortuosity of void* within the soil.
The soil strength concept may be valid only when
voids provide few or no avenues for roots to pene-
trate & high strength toil mass.

If any factors caused by the differential treat-
ments limit the ability of plant roots to exert
their characteristic root growth pressure, more
than one regression line will be required to ade-
quately represent the soil-strength-root-penetra-
tion data. As an example, assume that soil aera-
tion was limiting root growth pressures in some
cores at the H-bai soil moisture tension but was
not limiting root growth pressures at the X-, $i-,
and %-bar tensions. Under these conditions, one
regression line would have adequately represented
the soil-strength-root-penetration data for the
%-, H-, and ^-bar tensions, but a regression
line predicting lower root penetration percentages
at a particular soil strength probably would have
been required for the >£-bar tension data.

It was concluded that neither soil aeration nor
soil moisture tension caused differential root
growth pressures within the M- to Jj-bar soil
moisture tension range. The results of the 2-bar
soil moisture tension trial, however, showed that
those cotton roots were much less likely to pene-
trate at a particular soil strength. It was con-
cluded that the 2-bar tension had reduced root
growth pressures below those at H-bar tension.

Certain precautions are necessary in extra-
polating these data. There is no assurance that
the cotton seedlings exerted their maximum root
growth pressure nor that firming the cover soil
actually caused a maximum anchorage for the
developing taproot. In addition, a different
penetrometer tip or a different method of measur-
ing soil strength would result in different magni-
tudes of soil strength for a given rooting per-
centage.

The fact remains, however, that soil strength
at the time root penetration occurred—not soil
bulk density—was the critical impedance factor
controlling root penetration through the soil
cores.

SPlOtABT

Effects of soil bulk density, moisture content,
and soil strength on penetration of cotton seed-
ling taproots were evaluated, •using soil cores
compressed to 5 different bulk, densities and 4
different soil moisture tensions. A correlation
coefficient of -0.96 was obtained for the rela-
tionship between soil strength (as measured with

a pe&etrometer) and taproot penetration. Al-
though the moisture-content-root-penetration
and bulk-density-root penetration relationships
were significant, the correlation was much less
than that for soil-strength-root-penetration. It
was concluded that soil strength—not soil bulk
density—was the critical impedance factor con-
trolling root penetration in the sandy soils of the
Southern Great Plains.
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ROOT ELONGATION RATES OF COTTON AND PEANUTS AS A
FUNCTION OF SOIL STRENGTH AND SOIL WATER CONTENT

HOWARD M. TAYLOR AND LARRY F. RATLUF

Vnited Siatei Department of AyricuUvre and Alabama Agricultural Experiment Station,
Auburn Uitivertiiy1

B*»v«d for jmblioiiion Norcntxr 11, IMS

The data of Peters (3) clearly illustrate that
both soil water content and soil matric suction
ifiect root elongation rates. At a soil suction of
1/3 bar and a bulk density of 125 g. cm"1, corn
roots elongated faster in a soil mixture with a
gravimetric water content of 27% than in one
with a water content of B%. At equal water con-
tents, root elongation rates for either a 24- or
48-hour period were greater at a soil suction of
1/3 bar than at a suction of 1.75 bars. Oven-dry
weight of root material also increased as suc-
tion decreased or as water content increased.

Even when other parts of the root system
ire adequately supplied with water, soil suction
around the elongation region affects dry
weight of corn roots (2). However, magnitudes
of the soil suction effects on root growth vary
with the soil texture (4). Dry weights of ad-
ventitious sunflower roots that developed in
Mil cores were not affected by soil suctions be-
tween 0.3 and 1.1 bars in a fine sandy loam
soil, but root weights decreased aa soil suctions
increased from 0.3 to 1.6 bars in a clay loam
soil.

Both Peters (3) and Stevenson and
Boenma (4) stated that soil compaction may
bve affected their results. In addition, they con-
trolled bulk density of their test soil material
either by controlling the mass of soil per unit
volume (3) or by tamping with a spatula (4).

When compared at equal soil strengths
rather *hm equal bulk densities, an increase in
soil suction from 02 to 0.7 bar did not affect
the growth of cotton roots into or through 2.5-
on.-thick cores (5). However, increases in soil
suction caused large increases in strength of

1 Joint contribution from the Soil and Water
Conservation Research Division, Agricultural R*-
•*aich Service, TJSDA, and the Alabama Agri-
cultural Experiment Station, Auburn University,
Auburn, Alabama. Junior author wu formerly In-
"twtor of Soils, Auburn University.

compacted soil cores, which reduced root
penetration and elongation rate.

Barley et ol. (1) found that increasing the
soil suction from 0.3 to 0.7 bar made no dif-
ference in the time required for pea and wheat
roots to penetrate layers of loose soil, but root
elongation rate was reduced by the higher
suction in compressed layers. Elongation rates
of cotton roots grown in loose soil also were
not affected by increases in soil suction from
0.2 to 0.7 bar, but when roots were grown in
soil that had been slurried, then dewatered,
increases in soil suction decreased root elonga-
tion rates (6).

Thus, the literature shows that increases in
soil suction within the commonly accepted plant
available range sometimes, but not always,
decrease root elongation rates of plants. How-
ever, part or afl of that decrease may actually
be caused by an increase in soil strength rather
than by an effect of soil suction per te on root
growth.

This investigation determined the effects of
soil water content and soil strength on cot*
ton and peanut root length as a function of
time.

PBOCEDUBE

Root observation chambers were constructed
from acrylic plastic material. Each of the three
chambers contained four compartments arranged
side to side. Dividers were grooved 30 that a
0.60-cm.-thick, plate-glass sheet formed the
front of a compartment that was 5 cm. from
front to rear, 15 cm. from side to side, and 46
c.nv high.

Bulk samples of fertilized Chesterfield
loamy sand (pH 62) surface soil were screened
through a 2-mra. sieve and oven dried. Sub-
samples were wetted to 7.4, 5.0, and 4.0 per
cent water content by weight for the cotton
experiment, and 7.0, 5.5, and 3.8 per cent water

118



114 TAYLOR AND EATLDTF

for the peanut experiment These water con-
tents corresponded to 0.17-, 0.76-, and 7.0-
ban soil matric suction -for the cotton experi-
ment, and 0.19, 0.42, and 12.5 bars for the
peanut experiment Within the range of bulk
densities and water contents used in these ex-
periments, soil compactness changes did not
alter the water characteristic curve. The wetted
soil was stored at least 24 hours in plastic bags.

With the aid of a thin board repeatedly
forced downward at the rear of a compartment,
tbe wetted soil was compacted in a chamber
placed on a vibrating table. Soil strength was
checked periodically with an indentation
peoetrometer (5, 6) until the soil was com-
pacted to the desired soil strength range. At
that point a 4-cm. layer of loose Chesterfield
soil was added to provide a seedbed. The cover
soil was wetted to the same water content as
the compacted soil, but 0.01 per cent by -weight
of a 1:6 Cereout-Demosan' fungicide mixture
had been added to the water used to wet tbe
surface soil.

When the compaction process was completed
for the four compartments of an observation
chamber, the chamber was transferred to a
force loading platform which pushed a pene-
trometer through the soil at the rate of 4
mm minute"*. Two force depth traces were
made in each compartment

The penetrometer was a polished steel drill
rod 0.318 em. in diameter and 30 cm. long.
The tip of the rod was ground to form a 60*
cone. These was no coating on the steel sur-
face nor was the shaft recessed behind the tip.

The soil resistance was sensed by an un-
bonded strain gage load cell and recorded on a
strip chart recorder (Model TJL-4), Statham
Instruments, Inc., load cell and Type B Dyno-
graph and Type 604D Recorder, Gffner Divi-
sion, Bookman Instruments, Inc.).' Penetrometer
resistance was calculated by averaging the force
values obtained from the strip charts at intervals
representing l-on.-depth increments of soil to tbe
deepest point of root penetration in the compart-
ment. This averaged force value was divided by
the 7.94-mm.* area of the shaft. The measured

* Mention of a trademark same or a proprietary
product does not constitute a guarantee or war-
ranty of tiie product by the TJ. 8. Department of
Agriculture and dee* not imply approval of the
product to the exclusion of others which may also
be suitable.

values of force increased as the penetrometer
tip was pushed through the first 1.0 to 1.5 cm.
of compacted soil but then did not further
increase. This initial portion of each trace was
not included during calculation of penetrometer
resistance. Skin friction along the sides of the
shaft apparently was very low since the force
depth traces did not increase in force below
the 1.5-cm. depth.

Cottonseed (Go«yptum tersutvm L. 'Em-
pire') were pregerminated by soaking for i
minute in 80*C tapwater and then soaking
for 8 hours in 27'C tapweter. At that time
plants were selected for uniform radicle emer-
gence and planted eight to the compartment.
The seed were planted along the glass-soil inter-
face with the radicle tip about 1 cm. above tbe
compacted soil. The loose soil above the seed
was firmed by hand to provide reaction force
when the radicle encountered tbe compacted
soil.

Peanut seed (Arachit hypogaea L. 'Virginia
Bunch') were pregerminated in Chesterfield
loamy sand at 7.0 per cent by weight water
content. The water used to wet the soil con-
tained OKI per cent by weight of a 1:5 mix-
ture of Ceresan and Demosan. After 32 hours
peanut pknts were selected for radicle lengths
of 1.0 to 1.5 cm. and transplanted eight to the
compartment, with the seed 2 cm. above the
compacted layer. The soil was firmed by hacd
around the seed and radicle to provide reac-
tion force when the radicle encountered the
compacted soil.

After planting the cotton or peanut seed, a
plastic film was taped over the top of each
compartment to eliminate water loss. The root
observation chambers were inclined 15' from
the vertical so the developing taproots would
follow the glass front. Periodic length measure-
ments were recorded for each taproot

During the entire 110-hour growth period
the chambers were maintained in a growth
chamber with a 16-8 hour light-dark cycle K
32* ± 1'C. Except during actual root measure-
ments, the gin-re fronts were covered to exclude
light from the peanut roots, Previous experi-
ments (R. W. Pearson, unpublished data) had
shown that cotton taproots are insensitive to
light under these experimental conditions to
the cotton root systems were not covered. After
110 hours the compartments were emptied and
bulk density was determined for tbe packed
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portion of soil in most of the compartments.
Water contents were rechecked at this time.
On a few of the trials measurements were made
of total plant length, length of tops, wet weight
and oven-dry weight of tops.

ES3ULT3

Cotton taproot lengths as a function of time
and penetrometer resistance are presented in
figs. 1, 2, and 3 for the 7.4, 5.0, and 4D par
cent water contents, respectively. The cotton
taproots entered the compacted layer about
10, 11, and 13 hours after transplanting for the
7.4, 5.0, and 4.0 per cent water contents, re-
spectively. The data were not definitive, but
the possibility exists that entrance of the tap-
roots into the compacted layer was retarded by
strength of the compacted layer.

Once the cotton taproots entered the com-
pacted layer, the root length at any particular
rime varied inversely with the resistance en-
countered by the roots. The roots elongated
fastest at low resistances, and with one excep-
tion: any increase in resistance decreased the
root length at 110 hours after transplanting.

COTTON peNETROMETER
RESISTANCE

(BARS)

0 20 40 60 80 100 120
TIME AFTER TRANSPLANTING (MRS.)

Fio. 1. Relation* among root length, time, acd
penetrometer resistance for cotton grown at 7.4
per ceat water content. The vertical lines around
the meant at 110 hours represent 95 per cent coafi-
"ienc* interval* for the mean*.
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Fia. 2. Relations among root length, time, and
penetrometer resirtuicg for cotton grown at 5jO per
cent water content. The vertical lines around the
meana at 110 hours represent 96 per cent confidence
intervals for the means.

At 7.4 per cent water content the average
root length was 312 on. while growing
through 0.&-bar-strength material but was 29.7
cm. in loose soil. However, these two means
were not significantly different at the 95 per
cent probability level

At any particular penetrometer reoiatacce
there was no effect of water content per se on
cotton root elongation within the compacted
layer. Figure 4 presents the average elongation
rate for the period 40 to 80 hours after trans-
planting as a function of penetrometer resis-
tance and soil water content. Elongation rate
calculations for other time periods showed
inpiifcr trends.

Peanut root lengths as a function of time
after transplanting and of penatrometer resis-
tance are presented in figs. 5, 6, and 7 for the
7.0, 5.5, and 3.8 per cent water contents, re-
spectively. The time required for the peanut
roots to enter the compacted layer seemed to
be slightly increased by a decreased water con-
tent in the loose soil layer, but the data were
not definitive.
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Flo. 3. Relations among root length, time, and
penetrometer resistance for cotton grown at 4.0
per coat water content. The vertical IJPM around
the meant at 110 hours represent 96 per cent
confidence intervals for the means.

28

24

I20

£ 16

i
a 12
t-
O 8

0 20 40 60 80 100 120
TIME AFTER TRANSPLANTING (HRS)

Flo. fi. Relations among root length, time, and
penetrometer resistance for peanuts grown at 7JQ
per cent water content. The vertical lines around
the means at 110 hours represent 95 per cent confi-
dence intervals for the means.
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Fia. 4. Effect of penetrometer resistance and soil
water content on cotton root elongation for the
period 40 to 80 noun after transplanting.
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FIG. 6. Relations among root length, time, wd
penetrometer resistance for peanuts grown at W
per cent water content. The vertical lines around
the means at 110 hours represent 96 per cent confi-
dence intervals for the means.
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Peanut root lengths at any time after the
roots entered the compacted layers varied
inversely with the resistance the roots en-
countered. A.t 110 hours after transplanting,
lengths of the roots growing through loose
soil were 24.1, 25.7, and 262 cm. for the 7.0,
3.5, and 3.8 per cent water contents, respec-
tively. Even at penetrometer resistances that
exceeded 60 bars (fig. 5 and 7), the peanut
roots grew 1 to 2 cm. into the compacted layer
during the 110-hour growth period.

Water content per te did not affect the rela-
tionship between peanut root elongation rate
and penetrometer resistance (fig. 8). For the
period 40 to 80 hours after transplanting, the
roots elongated at the rate of 2.5 to 2.7 nun.
hour'1 in loose soil but decreased as penetrom-
eter resistance increased until at 60-bars pene-
trometer resistance the elongation rate was
0.15 mm. hour'1. Elongation rate calculations
for other time periods showed similar trends.

The wet weight and height of plant tops
were significantly affected by soil water content
even where the plant roots were not restricted
by high-strength soil (table 1). At the lowest
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Fta. 7. Relation* amonf root length, time, and
penetrometer resistance for peanut* grown at 33
per cent water content. The vertical lines around
the means at 110 hours represent 96 per cent con-
fidence intervals for the means.
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Fio. 8. Effect of penetrometer resistance and
soil water content on peanut root elongation for
the period 40 to 80 hours after transplanting.

TABLE 1
Effect of soil water content and penetromtter resist-
ance on root length, top IrngOi, top wet and dry

weights of peanut} and cotton at 110 hours

Content

«-'

PCIUCTO-
fiMtar
Roiit-

tan

Hoot

M.

Top

cm.

Too W«c

I-

Top Dry
W«i«bt

f.
PwouU

0.070
0.070
0.070
O.OW
O.OU
o.ou
O.fllf
o.ou
o.ou

0.0*
it. 4
H.8
O.M
n.i
n. e
O.M
a.t
M.I

21. i
S.O
1.0

20.3
7.4
1.2

H.O
11.7
1.4

10.9
(.)
1.0
7.0
1.4
S.7
1.1
1.1
1.5

i.n
j.jj
t.n
l.M
l.SJ
l.M
l.tt
1.11
o.n

0.34
O.M
o.a
o.a
O.M
0.30
O.M
o.a
o.a

Colton

0.074
0.074
0.090
0.080
0.040
0.040

0.09
20.0
O.U

17.S
O.U

17.4

a.t
1.5

M.S
1.4

18. S
4.7

l.t
10.1
s.s
1.3
S.I
1.0

O.U
0.5T
0.47
o.a
0.41
0.11

0.064
o.ou
o.ou
o.ou
o.ou
0.060

soil water content the wet weight of peanut
and cotton tops decreased with increased pene-
trometer resistance, but at the two higher
water contents penetrometer resistance did not
significantly affect top wet weight of either
crop.
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TABLE 2
Efleet of soil water content and soil bulk dtntisy on

penetromtler retitlanet of Chtslerfield loamy
land soil

But

I. 0"-'
1.10
1.20
1.30
1.40
1.50
1.60

Pcnurametei ruiitiact tt
w«.tcr contents of

r.<%
tart

0.05
1.0
2.5
5.0
9.0

17.5

iff?.
hr>

0.05
1.3
2.7
6.3

11.5
22.5

<JK
kv,

0.05
2.0
4.0
8.0

17.5
36.0

DISCUSSION

Cotton and peanut seedling taproot elonga-
tion rates responded to changes in soil strength
but did not respond to changes in soil suc-
tion between 0.17 and 7.0 bars for cotton, and
between 0.19 and 12.5 bars for peanuts. These
soil strengths occur at bulk densities that are
readily attained either in. laboratory or in field
experiments (table 2). Therefore, penetrometer
resistance or some other soil strength parameter
should always be recorded in experiments where
short-term root growth measurements are used.
Since penetrometer resistance values may be
altered by a wide variety of treatments, the
experimental results should be analyzed for
possible direct effects of soil strength on root
growth.

A given incremental increase in penetrometer
resistance caused a greater reduction in root
elongation rate of cotton than of peanuts. As
an example, an increase hi penetrometer resis-
tance from 0 to 10 bars reduced cotton elonga-
tion rates 62 per cent from the rate at 0 bars,
but a similar increase reduced peanut elonga-
tion rate only 29 per cent

The elongation rate necessary for satisfactory
establishment will vary with environmental
conditions, but a 1.0-cnL-day"1 seedling elonga-
tion rate may be valid for Alabama conditions.
The cotton elongation rate would be less than
1.0 cm. day"* when the penetrometer resis-
tances around the root tip exceeded 27 bars,
but peanut plants could maintain that late un-
til penetrometer resistances exceeded 45 bars.

In research reported here, the penetrometer
resistances were measured by pushing a con-
ical-tipped steel rod through the soil mass. In

previous experiments (5, 6} the reported values
were obtained using an indentation penetrcnj-
eter that measured the force required to push
the tip 1 diameter into the soil surface. The
two sets of penetrometer resistance data were
experimentally correlated for the Chesterfield
soil used in the present research. Penetrometer
resistance values by the present technique
were 1.33 times those obtained by the indenta-
tion technique. The standard error of the esti-
mate was 0.08 for the 133 value.

Root volume or fresh root weight as a func-
tion of time was less affected than root length
by an increase in penetrometer resistance. Ac-
tual data are not presented here because of the
difficulty of obtaining soil-free roots, but visual
observation showed that as increase in peut-
trometer resistance caused the root diameters of
both cotton and peanuts to increase. Although
this increased diameter would not appreciably
affect seedling establishment, it might affect
interpretation of short-term root growth ex-
periments.

Visual observations also showed root diam-
eter increased as soil water content increased,
particularly at low soil strengths. Although root
elongation rates as functions of soil strength
were not affected by soil water content, root
volumes or fresh root weights at a low soil
strength would have increased as soil water con-
tent increased.

BUMMART AND CONCLUSIONS

In short-term experiments root elongation
rates of cotton and peanuts were decreased
as soil strengths (measured with a penetrom-
eter) increased. Boil matric suction between
0.1? and 7.0 bars for cotton and between 0.19
and 12.5 bars for peanuts did not affect the re-
lation between root elongation rate and pene-
trometer resistance.

An increase in penetrometer resistance to 71!
bars decreased cotton root elongation rate to
50 per cent of ma-riTnum but 19.1-bars pene-
trometer resistance were required to decrease
peanut root elongation rate to 50 per cent of
maximum. A substantial peanut root elonga-
tion rate occurred at 35-bars penetrometer re-
sistance.

With both cotton and peanuts, top weights
and lengths increased as soil matric suction de-
creased. However, increases in penetrometer

reduced top weights
f.lt the highest suction.
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Damage to Recently Thinned Loblolly Pine Stands
by Hurricane Donna
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Abstract Hurricane damage was assessed by determining the percentage of
trees injured by the storm. Stand and soil characteristics -were determined.
Tree damage was recorded separately for "main stem" (breakage) and for
"root system" (displacement from original position or blowdown). Over 99
percent of damaged trees were of the second type. Stem breakage was insig-
nificant. Damage was more severe on soils having moderately coarse textured
profiles than on soils with finer textured profiles. It was most severe where
restrictive layers occurred within the profile that tended to retard root and
water penetration-
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IN HECENT TIMES tropical hurri-
canes have struck repeatedly along
the Gulf and Atlantic coasts, doing
a tremendous damage to timber
stands near the coast and less seri-
ous damage inland. Although all
hurricanes on a grand scale are
similar by definition, the kind of
damage has varied. Observations
indicate that the forest's location in
relation to the storm's eye explains
some of the variation in damage
among stands. "Within an individ-
ual stand, variation in damage has
been correlated (8) with the size
of the timber and the exposure of
the trees to the wind.

Foresters and soil scientists be-
lieve that hurricane damage may
also be associated with soil and
timber stand characteristics. Hur-
ricane Donna, -which passed along
the Atlantic coast in September
1960, provided an opportunity for
study and the results are sum-
marized in this paper.

The Storm

Tropical Hurricane Donna
passed along the Atlantic coast of
North Carolina and Virginia on
September 11 and 12, 1980. The
large eye (possibly the largest on
record) was a continuing feature
as Donna moved rapidly northeast-
ward paralleling the Middle Atlan-
tic coast during the morning hours
of the 12th. A complete descrip-
tion of Hurricane Donna was ob-
tained from the National Weather

THE AUTHoas: Williams u soil jeie-Htt.
Soil Conservation Service, XT. S. Dept.
Agric., Conrtland, Va.; Tronsdcll and
Nel«on ire on the lUff of th« Sontheajt-
era Forest Expt Sta., Forest Service.
TJ. S. Dept. Agrie., Aikeville, N. C. The
AMiatanee of P. E. Lemmon, U. S. DepL
Airrie. Soil Conserra'iou Service, Wash-
ington, D. C., it gratefully •eknowlcdffed.

Records Center of the U. S.
Weather Bureau, at Asheville,
N. C., and from local observations.

In North Carolina, sustained
winds ranged from 53 mph at Wil-
mington to 83 mph at Elizabeth
City. Gusts were measured or es-
timated in excess of 100 mph along
the coast and at 80 to 90 mph
along the path of the storm's cen-
ter. In Virginia, sustained winds
reached 80 mph at Cape Henry,
and 75 mph at Norfolk, with gusts
around 90 mph in the area under
study..

Rainfall preceding and during
the storm was heavy. For Septem-
ber 11 and 12 at Gatesville, N. C.,
6.37 inches were recorded, and 6.17
inches for the same period at Hol-
land, Va. At Como, N. C., 9.00
inches were recorded by the U. S.
Forest Service. Heavy rainfall, a
feature of this storm, set the stage
for the type of damage sustained.

Rainfall pattern was similar at
"Wilmington, Hatteras, and Nor-
folk, beginning 19 to 20 hours prior
to the storm passage, and with 12
to 22 percent of all rain falling in
a 5- to 9-bour period. There fol-
lowed a 3- to 4-hour period of no
rain, and then 75 to 79 percent of
the total storm's rain fell in a
period of 7 to 11 hours immediately
preceding the storm proper. Light
rains continued for 2 or 3 hours
after the storm had passed. The
heaviest rainfall (over 1 inch per
hour) occurred 2 to 4 hours prior
to the time of maximum wind
speeds.

The path of the storm's eye
passed to the east of an eight-
county area in which damage was
studied (Fig. 1). Forest stands in-

cluded in this survey were distrib-
uted from the path of the eye of
the storm to a distance of about 60
miles to the northwest.

Methods

Preliminary observations indi-
cated that high winds did heavier
damage in thinned stands than in
unthinned stands. Therefore, only
planted or natural loblolly pine
stands that had been thinned dur-
ing the preceding three years were
included in this study. Of the 102
stands sampled, 92 originated from
natural regeneration and 10 had
been planted. All had been thinned
by the Virginia Division of Fores-
try; the Union Bag-Camp Paper
Corporation, Camp Division; or
Weyerhaeuser Company, North
Carolina Division.

Thinning varied froni very light
(thinnings fro:n below) to heavy
(crown thinnings designed to es-
tablish seed production areas). The
density of each stand before wind
damage was estimated and ex-
pressed in percent (7). It ranged
from 20 to over 100 percent of full
stocking. Most of the stands were
between 40 and 70 percent stocked.

Average tree size varied from
6.1 inches d.b.h. in a young planta-
tion to 15.0 inches in a natural
stand of large sawtimber trees.

In each stand, tree damage was
determined on enough 1/10-acre
circular plots of uniform soil to ob-
tain a sample of about 50 trees. In
total, 314 of these circular plots
were studied, including tallies of
4,796 trees. Each tree was classi-
fied as "undamaged," "damaged
main stem," or "damaged root sys-
tem." Damaged main stem referred
to trees with broken stems. Dam-
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I'M. 1.—Path of tropical Hurricane Donna, skewing location of the eight-eormtr
study area (shaded). Thia area extends approximately 60 mile* to the northwiit of
the path of the hurricane.

aged root system included up-
rooted or leaning trees where roots
had been, displaced from their orig-
inal position causing permanent in-
jury. Only root damage is consid-
ered in this paper because main
stem damage was insignificant
(0.3 percent).

Soils on each of the 102 sampled
stands were examined, classified,
and named according to a national
system used by the Soil Conserva-
tion Service (6"). There were not
enough samples on any of the
named soils so that they could be
studied individually. Soils were,
therefore, grouped to facilitate
study of the possible influences of
certain major physical character.
istics on wind damage. The first
criterion for these groupings was
the dominant textural class of the
entire soil profile. Three such
classes were used — moderately
coarse. 'textured profile's, ' medium
textured-profiles, and fine textured
profiles. Within each, of these
groups, standard drainage classes
were recorded for each soil. Field
examinations showed that the soils
on 16 of the study areas were not
typical for the named series be-
cause their profiles showed a non-

typical layer of impervious ma-
terial that acted as a barrier to the
taproot and water penetration (Ta-
ble 1). These layers were general-
ly below the sola1 and at depths of
from 42 to 52 inches. Such layers
tend to hold water within the soil
layers above, causing "water-log-
ging" or "super-saturation" dur-
ing periods of heavy rainfall. The
extent of such nontypical condi-
tions is not known for the soils in
question, but in a detailed soil sur-

7 vey -they would be classified as
"inclusions," or mapped as

' "phases," depending upon their
i continuity and extent

..None of the soil series studied
, had such restrictive layers in the
.typical profiles ^except the Atlee
series, which may or may not have
a thin restricting layer in the lower
solum. However' none of the plots
examined on A'tlee soils had a layer

' that was ..classed^ as restrictive.
Wind damage may be related to

many factors; among which are the

The lohun may be defined limply aa
• the genetic wU developed by eaU-bui'.d-

inf forces. In normal loili, the lotam
iaefadej the A and B borizoaf, or the
upper part of the soil profile abort the
parent material («).

characteristics of the stand or of
the site: i.e., size of trees, density
of stands, origin i>f stands such as
planted or natural; dominant tex-
tural class of the soil profiles, soil
drainage classes, presence or ab-
sence of restricting profile layers.
Using a transformed expression of
"percent of trees damaged" as the
dependent variable, we made mul-
tiple regression analyses and chi-
square statistical tests to determine
the relative influence of some of
these variables. The following re-
sults are based in pan on these
statistical interpretations of the
data.

Results
Significantly greater wind dam-

age occurred on soils with restric-
tive layers in the profile. Fifty-
one percent of the trees on plots
where soil profiles contained a re-
strictive layer in the profile were
damaged, as compared with 7 per-
cent on plots where soil profiles
showed no restrictive layer.

In comparison with other soils
sampled, wind damage was also sig-
nificantly greater on soils with
moderately coarse textured pro-
files. Approximately 30 percent of
the trees on such profiles were
damaged, as compared with only 5
percent on the medium and fine
textured profiles.

Wind damage to planted stands
was significantly less (bat only at
about the 10-percent level) than it
was to naturally occurring stands.
None of the other items tested
proved to have any statistical sig-
nificance in relation to.wind dam-
age.

There was no damage on 31 of
the 102 stands studied, but-at one
location all trees were damaged.
Some damaged trees remained
standing, but root systems were
displaced from original positions,
causing serious permanent damage
(Fig. 2).

Many of the damaged trees were
completely toppled over. They fell
in one of three ways: (1) The soil
mass occupied by the root system
was lifted as the tree fell, leaving
a depression and .adjacent root
mound on the windward side of
the fallen stem. This was the moat
common type of toppling noted.
(2) Lateral roots on both sides and
approximately at right aneles to
the direction of the wind did not
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DkAntAOE CLABSIS, TYPICAL, AND NONTYTIC.AL PKOHLES

Soil series Drainage class
Profile characteristic

Typical NontrpicaJ

Moderately coarse textured proftlei

'Uneorrelatfd toilt.

fail Trees toppled over in the di-
rection away from the wind, pivot-
ing on the roots that did not fail
The entire root system on the lee-
ward side was forced into the soil
as the tree toppled, forming a deep
depression beneath the stump of
the fallen tree (Pig. 3). Roots on
the windward side failed under

A'umb«T of ttandt
Lakeland
Lakeland (terrace phase)
Norfolk (thick surface phaie)
Bumford (thick surface phase)
K-almU (thick ratface phaie)
Norfolk
Klej
Woodstown
Dragston

Marlboro
A tie*
Goldaboro
Iznfrora1

Dimbar
Lynehburg
OtheUo

Craven-like1

Craven
Lenoir
B laden
Leaf
Coxrille
EDrton

Total number of ttandt tanpled

Excessive
Excessive
Well to excessive
Well to excessive
Well to excessive
Well
Moderately well
Moderately well
Somewhat poorly

Subtotal

Medium textured profiles

Well
Moderately well
Moderately well
Moderately well
Somewhat poorly
Somewhat, poorly
Poorly

Subtotal

Fine textured profile!
Well
Moderately well
Somewhat poorly
Poorly
Poorly
Poorly
Poorly

Subtotal

1 ,

12
1
1
4
1
5
1

26

3
12

4
6
2
1
4

32

1
5
6
3
1

11
1

28
86

1

€
— _

4
...

....

11

'
1

o

1
—

4

1

-
_

1

16

tension bat left little evidence of a
depression on that side. (3) The
stem settled into the soil below its
original level, apparently under
swaying wind action. When top-
pling, it appeared in some cases
that the stem had been drawn
downward and backward into the
soil under tension of roots that did

not fail (Fig. 4). In these cases
only a slight soil elevation oc-
curred, in place of a root mound
commonly associated with wind-
thrown trees, and no depression
caused by root displacement was
noted. This type of toppling was
found only on soils with moderate-
ly coarse teztured profiles where a

Fio. 2.—Trew tilted but remaining upright in a plantation on
Lakeland loamy aand (terrace pbate). The root ayitem* have
been displaced from their original petition* and aeriou« damage
to tliu trees ban ocxuirrm].

Flo. 3.—A tree OB Atl«t very fine tandy loam that pivoted on
noiiJ.Ai.iuK lateral roots wtien toppled in the direction of tlio
wind. Note the depression beneath the (tump (in which the
ue handle extends) caused appHrentlr by the root tyrrtrm
Iwinv furred into the taturated soil. \
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restrictive layer existed.
General observations and notes

were taken on the characteristics
of tree root systems of toppled
trees growing on soils with a re-
strictive layer in the lower profile.
Figures 5A and 5B are views of
an excavated root system of a
large windthrown loblolly pine
growing on Norfolk sandy loam,
thick surface phase. The d.b.k of
this tree was about 20 inches. The
root system is made up of a num-
ber of large main vertical roots ex-
tending to an approximate depth
of 48 inches. At this depth, at
contact with the restrictive layer
in the profile, the main roots had
given way to a series of smaller
ramifying horizontal roots that had
fused together into a broad, flat,
woody surface. A few thickened

stubby roots penetrated beyond
this level into the restrictive layer.
Figure 5B shows the root system
lying on its side and exposing the
broad, Sat, woody surface at the
48-inch depth. The observations
are generally in agreement with
other studies indicating the influ-
ence of such soil characteristics as
restrictive layers on the growth of
tree roots.

The results of this study agree
with recorded information on hur-
ricane damage. For Hurricane
Hazel in 1954, there was little rain-
fall east of the storm's eye. Here,
tree damage involved mostly brok-
en or bent trees (<9). Areas west
of the eye received torrential rains,
and uprooting of trees was com-
mon. In the present study of Hur-
ricane Donna, damage was assessed

.99

only in areas west of the storm's
eye. Tree damage from Donna was
mostly uprooting or severe root in-
jury. Little damage was recorded
for stem damage to trees that re-
mained standing. Curtis (2) dis-
cussed the New England Hurricane
of 1938 and stressed the tree dam-
age resulting from heavy rains that
preceded the storm.

Nelson and Stanley (5) related
the degree of tree damage to thin-
ning in East Texas following Hur-
ricane Audrey in 1957. They found
much more severe damage in heav-
ily thinned slash pine plantations
where residual stocking was low
than in lightly thinned plantations
where residual stocking was higher.
Statistical tests of our data were
inconclusive with respect to tree
damage related to residual stock-

Flo. 4.—Some trees seemed to bare aettled into the soil under the swaying action of th« wind bef ore toppling. This type of wind-
fall was noted only on lotta with moderately coarse textured profiles irilh deep-lying restrietiye laytrs. This soil was a nontypical
Norfolk loamy und. (Z) The butt log of this tree was salvaged by winching It from the soil depression before cutting. The de-
pression at the 3-foot stomp height ia about 1 foot deep. (2) The first 12-foot log of thb tree wat left embedded in the soil
where it fell. Axe it orer the stump.

Pio. 5.—(Z.) Sxcamted and inverted stomp of a lobloDjr pine. (S) View of same etump lying on ita aide. Note the absence of
normal root development. At a soli depth of 44 inches a restrietlre layer of imptrrioM material was foand. The root system was
flattened and trew into a Void continuous woody surface just abore the restriettTe layer. The soil waa a nont/pical Norfolk
sandy loam, thick surface phase.
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ing of thinned stands.
Croker (I) observed longleaf

pine in Alabama following Hurri-
cane Flossy. In a zone receiving
9 inches of rainfall during the
storm, he found 90 percent of the
blown-down trees were on soils un-
derlain by clay or sandy clay at a
depth of 24 inches or less. He as-
sumed that restricted root develop-
ment, alon? with soil saturation
above the less permeable clay layer,
was responsible for the severe
blowdown. Our results appear to
corroborate his findings.

Tree damage in this stud? ap-
peared to result from a combina-
tion of high wind, excessive soil
moisture and failure of the soil to
provide adequate support. The
strength of a soil in giving ade-
quate tree anchorage and support
comes from adhesive, cohesive, and
friction properties of the soil.
These properties are determined by
size, shape, and arrangement of
the so'l particles and by the na-
ture of the water films surrounding •'
them. Silt and clay soils lose their
cohesion and become plastic in the
presence of increasing amounts of.
water. At a very high moist'ire
content, the soil loses its plastic
properties and approaches a .fluid
in its mechanical oroperties (.9).
The soil then has little or no shear-
in? strength and is readily de-
formed. The relatively low decree
of damage found on the silt and
clay soils of this stndv (especially
in the absence of fraginan-like re-
strictive lavers that prevented a^e-
quate root and water nenetration)
su??psti that thwe soils wcr^ able
to retain a hi?h desree of cohesion.

Sandy soils derive their sfren«»th
for tree anchorage princinallv from
shear resi^nncfi due to internal
frirt'on. This internal friction is
proportional to the co-^nressive
forces between adjacent soil nar-
ucles. The com "revive forces are
ilue to the w«i«rht of th»> soil. TTn-
,ier intense vibrat'on of a water-
saturated loose sand, part of this
iomprcssive force is transferred to
the water, which ha^ essentially no
shear stren«»tri. and the result is a
marked weakening of the soil to
resist shearing (.?).

Because of the hijrher pirrn-a-
bility rates, the sandy nr mo-lerate-
)v roanse textu^d nrofil«i of tMs
study became saturated more rap-

idly than finer textured profiles.
When restricting lavers were pres-
ent, they created "perched" water
tables. Excess water within the
root 2one, especially on soils with
the restrictive layers, reduced the
shear strength of these moderately
coarse textured soil profiles. We
believe this reduction in shear
strength, together with inadequate
depths of rooting in soils with a re-
strictive layer, accounts for some
of the severe blowdown daring
Hurricane Donna.

With variation in wind speed, a
tree bends and sways, and the tip
is reported by Mergen (O to oscil-
late in an elliptical pattern. This
action places stress alternately on
different sides of both the stem and
the root system. Where soils lose
their shear strength because of
moisture, the tree root system may
act as a giant stirring agent as a
tree sways in the wind before it
falls. This may explain the type
of windfall illustrated in Figure 4
that , was noted on moderately
coarse textured profiles with re-
strictive layers. Here the -weight
of the tree seems to have forced the
root systems deeper into the soil
before toppling occurred.

There are some iIT mediate prac-
tical ...uses for these findings. For
instance, where timber stands are
to be chosen or established for spe-
cial research, hiph-value or long-
time purposes, soil areas that pre-
dispose them to hurricane damage
can be avoided. Such attention
would apply to choosins seed pro-
duction areas, establishing seed or-
chards, or outplantin? rare and
highly valuable trees. Planners of
such activities should be particu-
larly alerted to the hurricane haz-
ards in this area on soils with mod-
erately coarse textured nrofiles and
on soils where a restri"tive laver
prevents adeauate root and water
penetration. Soil maps are helpful
in this respect and the on-site as-
sistance of a soil scientist may be
an ad'ted insurance worthy of con-
sideration.

Summary
Damage to recently thinned lob-

lolly pine stands by Hurricane
Donna was studied in an eight-
county area of the coastal plain of
Virginia and North Carolina. The
area extended about 60 miles
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northwesterly from the path of the
storm's eye. This area received
torrential rains preceding and dur-
ing the storm.

Damage was assessed by deter-
mining the percentage of trees in-
jured by the storm. Stand and soil
characteristics were determined
and recorded for sampled areas.
Tree damage was recorded separ-
ately for "main stem" (breakage)
and for "root system" (di^ace-
ment from original position or
b^wdown). Over 99 percent of
damaged trees were of the second
tyne. Stem breakage was insignifi-
cant.

Damage was more severe on soils
having moderately coarse textured
profiles than on soils with finer tex-
tured profiles. It was most severe
on nontypical soils of the series
studied in which a restrictive laver
occurred within the profile that
tended to retard the taproot and
water penetration. It is susgested
that root systems fail to give ade-
quate support to healthv loblolly
pine trees during hurricanes be-
cause of reduced soil shearing
strength when soils are excessively
wet It is also suggested that seed
production areas, seed orchards,
and other particularly valuable
plots should not be established on
such areas.
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ABSTRACT

Typical root-forms for immature white spruce, Picea glauoa, in
Alberta and the Northwest Territories are an elongated taproot developed on
well-drained soils of nearly uniform texture, a restricted taproot on soils
with either textural changes between horizons or with compact horizons and
monolayered with or without a vestigial taproot on soils with excess mois-
ture near the surface. A fourth multilayered form develops with increasing
moss layer and periodic alluvial and lacustrine deposits. Eight variations
of the typical root-forms are interpreted according to soils, sites and the
spatial organization of roots during morphogenesis. The orientation of
roots and the interaction of growth among roots in a system influence form
mechanically and physiologically. Secondary roots occur in all root-forms
and are a significant part of the restricted taproot and monolayered forms.
The multilayered root-form is totally dependent upon the development of
secondary roots. The time required to establish individual roots and the
interaction between the growth of individual roots within a system are re-
lated to the growth of the trunk. Height growth of a tree is small during
the period of root establishment and of root replacement.
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ORIGIN AND DEVELOPMENT OF
WHITE SPRUCE ROOT-FORMS

by

J. W. Bruce Wagg1

INTRODUCTION

The premise that a single root-form is inherent to white spruce2

is erroneous, as is the concept of a plate-like (monolayered) form of large
lateral roots with sinkers to variable depths. While some spruce are mono-
layered, others vary from a single whorl of laterals with a large elongated
taproot to many whorls of superimposed laterals (multilayered) without a
taproot. A myriad of intervening forms exist.

To ascribe a single root-form to white spruce is impossible
owing to the interaction of different soil properties with changes in site
during the life of the tree. Further difficulties arise in explaining root
development when soils and sites are considered separately from the spatial
organization of roots during morphogenesis.

Variations of root-form which occur among soils with different
textural and structural properties and in the presence of excess moisture
and anaerobic conditions have been reported often. More recently the role
of secondary (often called adventitious) roots has been recognized in the
development of the multilayered form after alluvial and lacustrine deposits
(Jeffrey 1959; Wagg 1964), growth of mosses (LeBarron 1945; Kosceev 1953),
changes in water tables and soil frost (Krasiljnikov 1956).

Morphogenic variations of root-form result from differences in
orientation of individual roots in decayed wood, moss, humus and soil, in
numbers and organization of roots at the rootstock and in the growth rates
of individual roots.

This paper presents observations on the following aspects of
root-form of white spruce:

(1) the occurrence of secondary roots and their role in the development
of root-forms;

Research Scientist, Forestry Branch, Department of Forestry and Rural
Development, Calgary, Alberta.

Scientific names are listed in Appendix 1.



(2) the influence of (a) soil properties, (b) site modifications during
the life of the tree and (c) spatial organization of roots during
morphogenesis on the development of form; and

(3) relationships between the development of the root system and the
growth of the trunk of the tree.

The illustrated root systems are case histories which show a
wide range of root-forms and some variations.

TERMINOLOGY OF ROOTS

Root-form refers to the arrangement of all roots at the root-
stock and vertical roots from other roots near the rootstock. The nomencla-
ture of roots attached to the rootstock is expanded from Lemke (1956).
Figure 1 shows a composite of white spruce root-forms. Five types of later-
al roots are distinguished.

Lateral is applied to lateral roots of the monolayered root-
form with a single whorl of laterals, or to lateral roots in general when
more precise terminology is not required.

Infralateral is a lateral root in the lowest whorl of lateral
roots from the rootstock.

Supralateral is a lateral root in the highest whorl of lateral
roots from the rootstock.

Interlateral applies to all roots between the infralateral and
supralateral roots. In multilayered root-forms the interlaterals may com-
prise several whorls of roots and may be further distinguished by numbering
the whorls upward,

Bur is a young (1- or 2-year-old) usually secondary root growing
from a burl on the rootstock. Bur roots occur in groups and a burl forms
from continual die-back and regrowth of roots.

The terminology of oblique and vertical roots is evident in
Figure 1. Heart roots originate from lateral roots near the rootstock
while proximal roots originate within the rootstock.

The term secondary is used in this paper to describe roots
growing from the stems and branches of trees. Primary is used for roots
originating below the hypocotyl and adventitious describes roots which de-
velop out of sequence from either primary or secondary roots. Adventitious
has been used by various authors to describe roots growing from stem and
branches as well as from other roots. Siren (1950); Veretennikov (1959)
et al. have retained adventitious in the sense of Biisgen and MUnch (1929)
by applying the term to roots originating out of sequence from other roots.
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Figure 2. Dissection of rootstock showing roots in relation to
hypocotyl (H), stem (S) and branch (B): primary root
(PR), supra-hypocotyl-root (SHR), stem-root (SR)
branch-root (BR) and taproo* (TR).



Within the base of the hypocotyl the resin canals disappear
(Figure 3D) and a complicated rearrangement of tissues occurs throughout
until (q.v. Dangeard 1892; Hill and de Fraine 1909) a pith-like structure
appears (Figure 3B) near the top.

Immediately above the hypocotyl the pith is small and filled
with cells (Figure 3A) in contrast to the large pentagonal or polygonal
structure found in the upper parts.

When the hypocotyl is overgrown, its upper and lower limits are
difficult to ascertain because of the gradation into triarch or diarch xy-
lem at the base and into pith at the top.

Primary roots originate below the hypocotyl and are connected
in sequence by two central resin canals to the resin canals of other roots
and finally to the taproot. Sequential growth means that the lineal growth
of any year is connected directly to the growth of the previous year.

Adventitious roots originate out of sequence from either pri-
mary or secondary roots and are two or more years younger than the root to
which they are attached. The resin canals originating within the root are
connected to those of the root from which they developed.

Secondary roots from dormant buds on s'tems and branches are
connected to the pith by parenchymous tissue (Bannan 1942). Dissections of
rootstocks show the resin canals terminating in the annual rings of the
wood. Secondary roots are termed stem-roots or branch-roots depending upon
the point of origin. A stem-root at the top of the hypocotyl is a supra-
hypocotyl-root.

Secondary roots develop on white spruce in many different soils
and sites. They develop from the stem and branches of trees when these are
covered by humus, moss or soil (Bannan 1940; Jeffrey 1959; Wagg 1964).
Secondary roots also occur on other species of spruce (LeBarron 1945; Meyer
1938; NSgeli 1930; Kosceev 1952, 1953; Hustich 1954; Denisov 1960 et at.)
and root-form differs from white spruce only in degree.

Secondary roots develop throughout much of the life of a tree
and have been observed on 2-year-old seedlings and on 135-year-old trees
(Figure 4). The most frequent occurrence is probably between 3 and 20
years.

MATERIALS AND METHODS

The 12 root systems were selected from 60 immature trees taken
from a variety of sites in Central Alberta and the Northwest Territories.
These were supplemented by observation of several hundred root systems ex-
posed on recent burns.



The central core of the rootstock was sometimes sectioned to de-
termine the presence of pith or root structure, as the pith of both stems
and branches may show a nodal structure with distinct demarcation of growth
between years, a feature not found in hypocotyl or root.

Annual growth rings are usually present in roots, and partial
or indistinct rings often occur. However there is great variation in the
size, of rings which at times makes the determination of the age of some
roots difficult, if not impossible. Occasionally growth rings are found
near the rootstock, are absent for a distance and present again further
along the root.

TYPICAL ROOT-FORMS

Variations in root-form of conifers arising from textural and
structural differences among soils and modifications of site by excessive
moisture and growth of moss are well documented: Aaltonen 1920; Laitakari
1927; Vater 1927; Pontynen 1929; Priehausser 1939; Bannan 1940; Kosceev
1953; Krasiljnikov 1956; Horton 1958; Kostler 1962; Wagg 1964.

Secondary roots account for the many different root-forms of
spruce and for changes in form which occur during the life of a tree. The
root system of a juvenile tree with four large laterals and a taproot may
grow in one of several different ways. Three examples are presented.

1. No change in form occurs when all roots grow at similar rates and
secondary roots do not develop. The four laterals form an incomplete whorl
around the rootstock and the elongated taproot-form results.

2. Growth of the taproot may be restricted by the development of secon-
dary roots. When two lateral roots are separated by a wide gap on the root-
stock and the trunk is connected directly with the taproot, secondary roots
may develop in this area. The addition of one or more secondary roots to
the four primary roots of the juvenile completes a whorl of lateral roots
around the rootstock. This reduces, and may eventually stop, the growth of
the taproot. The restricted taproot-form of the immature tree is composed
of large laterals and a small taproot.

3. When a build-up of moss or alluvium occurs around the trunk of the
juvenile tree, secondary roots develop in this layer above the primary roots.
Should the secondary roots grow to a large size, the primary lateral roots
and taproot will slow down in growth and may eventually die. With contin-
ual re-rooting, the immature tree develops a multilayered root-form of
several superimposed layers of lateral roots.

Elongated Taproot-form

The elongated taproot-form of Tree I (Appendix 2 and Figure 5)
developed in well-drained aeolian sands. The root system has four large
lateral roots (A, JJ, £ and D) and a large taproot (M) which is connected to
the trunk between A and D_. Young laterals (e.g., £, £, E) occupy the gap
on the rootstock between A_ and I). All roots are of primary origin.



The tree was established on mineral soil and developed a long
taproot (M), tap-lateral (K) and two laterals (B and £) by the 15th year
(Figure 8A). With development of A^ and £, all large roots except N_ were
present at the 20th year. The young laterals developed from bur roots
after the 33rd year. The taproot with numerous tap-laterals grew steadily
in length from an early age. It was neither restricted by the aeolian
sands or affected radially by an overgrowth of laterals. The taproot was
connected, on part of its periphery, to the trunk through a gap between
laterals A^ and j). The young laterals in the gap did not restrict the
growth of the taproot as the underlying tap-lateral JC was expanding in
growth. The thin and dry L-1I layer was not suitable for the development
of secondary roots.

Spruce with elongated taproots and without secondary roots are
uncommon. Usually the taproot is restricted and branched at variable
depths. While secondary roots may develop they do not commonly grow to a
large size on well-drained soils.

Restricted Taproot-form

As the tree matures the elongated taproot often becomes a res-
tricted taproot. Growth restriction may be owing to either soil texture,
structure, moisture and frost (see Dahurian larch and frost, Umkin 1958),
or because of rapidly growing lateral roots. Examples below show the in-
fluence of soil texture and soil structure on taproot and proximal root
growth.

Restricted by Soil Texture

The restricted taproot-form of Tree II (Appendix 2 and Figure 6)
resulted from a textural change between soil horizons. The root system has
four large laterals (A, JJ, £ and £) and an aborted and distally contorted
taproot (Ifl) ; Z_ and £ are secondary roots. A number of bur roots are in the
gaps between the large laterals.

Morphogenesis of the system is shown in Figure 8B. The tree,
established on mineral soil, developed a large taproot (N). At 15 years the
tree had five primary laterals (A, I), £, ji and 0), two secondary laterals
(B and £) and a proximal (E). The primaries ̂  and £ grew to become the
large roots along with the secondaries JJ and £ in the immature system.

The upper soil layers were favorable for growth of the taproot,
particularly tap-laterals. Further vertical development of the taproot was
restricted by the mechanical action of the gravel layer. Although second-
ary roots formed in the feather moss and humus, they did not grow large
enough, between laterals £ and £, to restrict growth of the taproot.

Restricted bit Soil Structure

The restricted proximal roots of Tree III (Appendix 2 and Figure
7) developed in Solonetzic soil. The system of supralateral, infralateral
and proximal roots resembles a bilayered and restricted taproot-form. The
supralaterals were increasing in growth, and organized into five groups: A_,
]i-£, E_, I) and JP-£. The infralaterals, 1C, L, £ and _F were growing steadily;
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Figure 7. Tree III; Restricted proximal roots from compacted
Solonetzic soil with large secondary lateral roots.
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£, J_, jl and V_ were decadent; and T^, H and IJ were dead. The proximal roots
were contorted proximally and capillaceous distally. The taproot (W) per-
sists as a partially overgrown stub at the base of the rootstock. All
large supralaterals are of secondary origin.

Stages in morphogenesis are shown in Figure 8C. The tree de-
veloped a taproot (W) and primary (N) and secondary (B_, E and N.) lateral
roots by 10 years. The proximal roots (H, J. and S) developed from the tap-
root between the llth and 12th years and the taproot died and rotted away.
Five secondaries (£, JJ, £, £ and I)) , which grew into large supralaterals,
developed by the 15th year. By the 20th year the primary infralaterals £,
£ and II developed in the gap between A and ]) to close the connection be-
tween the proximal roots _H and _!_ and the trunk. Later when the proximal
roots became decadent they were connected to the trunk through contorted
tissue at the rootstock.

Proximal roots, contorted by the blocky B horizon, developed
capillaceously distally in the compacted and columnar structured C horizon.
A build-up of humus about the seedling stem accounts for the development of
secondary roots. The hypocotyl was S-shaped (Figure 8C) bringing the stem
in contact with the humus at an early age.

Other Factors

Taproots are often restricted at some period during morphogene-
sis through either horizontal growth in the seedbed or overgrowth by later-
al roots. Seedlings will develop contorted taproots on decayed wood, raw
humus and poorly-drained seedbeds. The horizontal growth results from the
higher moisture content of decayed logs, the improved nutrient and moisture
content of the mineral soil-humus interface, impediments in humus and de-
cayed wood, and anaerobic conditions of poorly-drained soil.

Seedlings with elongated taproots may exhibit a restricted tap-
root in the immature tree. In such cases, the laterals develop rapidly, en-
circle the rootstock and retard the growth of the taproot. The laterals
and trunk continue to enlarge at a faster rate than the taproot until a re-
stricted taproot-form develops.

Monolayered Root-form

Immature root systems occur without vestigial taproots. These
originate from seedling systems in which the taproot is either aborted, con-
torted and aborted, or degenerate at the rootstock. The lateral roots have
either overgrown or outlived the taproot. They are described according to
the form in the seedling and dwarf which is an old tree of seedling size.

Developed from Aborted Taproot of Juvenile Tree

The monolayered or partially bilayered root-form of Tree IV
(Appendix 2 and Figure 9) resulted from overgrowth of the aborted taproot
in the juvenile tree growing in shallow soil. The supralaterals ,̂ £, ]), ]L,
X, £ and H, which are of primary and secondary origin, form a complete whorl
around the root-stock. The infralaterals J5 and I_ form a partial second
whorl. No taproot is present.

14



The monolayered form developed from the restricted taproot-form
of the juvenile tree. By the 10th year (Figure 12A) the aborted taproot
(L) and the primary laterals ]), R and j? developed, and by the 15th year the
remainder of the primary laterals JJ, E and _I. The primaries constituted
the large roots of the immature system. With rapid tree growth between the
15th and 20th years, the primaries overgrew the taproot which aborted due
to excessive moisture in the Cg horizon. Later, with an increase in the
depth of the feather moss and humus layer, the secondary roots A, £, (5, .1
and K developed.

Tree IV is a compressed variant of the monolayered form and is
characteristic of trees growing on shallow soils and depressions in bedrock
where vertical penetration of roots is prevented. The proximal portion of
lateral roots are rounded or horizontally oblong rather than a vertical I-
shape in cross section. Superimposed laterals are compressed and sometimes
coalesced; vertical roots are contorted and undulated to follow the con-
tours of the bedrock. The origin of the roots will vary but systems com-
posed of primary and secondary roots are found most commonly.

Developed from Contorted and Aborted Taproot of Seedling

The monolayered root-form of Tree V (Appendix 2 and Figure 10)
developed from a contorted and aborted taproot of the seedling growing in
humus.

The root system has supralateral, infralateral and proximal
roots of primary and secondary origin. Of the five supralaterals which
form a complete whorl around the rootstock, A and ti are primary roots and
£, I) and E_ are secondary roots. The small supralaterals £ and J^ are secon-
daries. The infralaterals JJ, I_ and K and the proximals I. and _F are primar-
ies. A sinker from R appears on the diagrams as a proximal. The rootstock
of another tree caused the bilateral orientation of roots A_ and I).

Morphogenesis of the root system is shown in Figure 12B. By the
10th year the tree had a contorted and aborted taproot (M) which developed
in burned humus of the L-H layer and a single primary lateral root (K) .
Other primaries (A, JJ, tt and I) and one secondary (£) developed before the
tree was 15 years old. The taproot was overgrown by roots k and JJ. The
secondary laterals _B and J^ of which JJ grew to a large size, developed in
the 17th year and E_ in the 29th year. The proximal roots J.^ and _F developed
in the 22nd and 24th years and, with the exception of JS and G_, were the
youngest roots in the system. Proximal and sinker roots were short, termi-
nating in the Ae horizon as a result of fluctuating moisture.

While the monolayered or partially bilayered root-form, without
a vestigial taproot, appears uncommonly, the restricted taproot and especi-
ally the contorted taproot variant occurs often on Podzols and Gleysols.
Wet soil underlying humus precludes vertical growth of roots; sinkers are
aborted and branched and taproots contorted and aborted in the humus or up-
per mineral soils (cf. Norway spruce, Kreutzer 1961). Secondary roots de-
velop at an early age in the moist humus. Typical monolayered forms show
rapid growth of primary and secondary roots which either choke the growth
or completely overgrow the taproot at an early age.
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Figure 11. Tree VI: Mondayered foot-form with large secondary
lateral roots resulted from degeneration of primary
roots of dwarf tree in waterlogged soil.
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Developed with a Rising Water Table

The multilayered root-form of Tree VIII (Appendix 2 and Figure
14) developed with a gradual rise in the water table and an increase in the
depth of the humus and feather moss layer. The vertically compact system
has seven whorls of lateral roots. All roots, except VJ and 3C, are of
secondary origin. The size of roots in each whorl is graded upwards with
the infralaterals being the smallest and the supralaterals the largest. The
infralaterals and a number of interlaterals are dead. As none of the
whorls completely encircle the rootstock, there is a gap between the later-
als of one whorl and the whorl below. The live interlaterals show deca-
dence and the supralaterals a steady rate of growth.

Morphogenesis is shown in Figure 15B. The tree became estab-
lished on mineral soil or thin humus and developed a small primary root
system (W and X.). As the moss and humus layer grew thicker, the tree re-
rooted from the stem and branches. The cyclical processes (of re-rooting,
growth of moss and re-rooting) continued and secondary roots were still de-
veloping from the trunk near the surface of the moss.

Continued growth of feather moss progressively delayed the dis-
sipation of soil frost in the spring and the water table rose nearer the
surface. Dead roots persisted on the lower half of the rootstock: the
lowest ones, being continually in waterlogged soil, were resin impregnated;
and the upper dead roots, in the region of a fluctuating water level, con-
tained in a fibrous decay.

Black spruce and tamarack developed a similar multilayered form
on sites with a. rising water table and on sphagnum. The form was uncommon
to white spruce on sphagnum sites with high water tables and thick layers
of moss since most trees, which were rooted on hummocks or decayed logs,
had either a poorly-developed multilayered or monolayered form.

Developed after Lacustrine and Alluvial Deposits

The well-developed multilayered root-form of Tree IX (Appendix
2 and Figure 16) resulted from two different lacustrine deposits. The sys-
tem has six superimposed whorls of lateral roots of which interlaterals A_,
£, t[ and ji near the top of the rootstock are the largest. All roots are of
secondary except the contorted taproot ̂  and the infralateral I).

The tree became established on a 2-inch humus layer. By the
5th year a contorted taproot (JL) developed in the underlying sands and an
infralateral (JD) in the humus. Lacustrine sands were deposited to a depth
of 31 inches in the 15th year and several large secondaries developed by
the 20th year in the upper part of this deposit. A further 3-inch deposit
occurred in the 30th year in which the whorl, composed of _R, Q and several
bur roots, developed.

The morphogenesis is not typical of multilayered systems in
alluvial deposits. Instead of one thick deposit several thin alluvial de-
posits usually occur during the life of the tree. Secondary roots may
develop in each successive deposit. The roots in each superimposed whorl
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Figure 15. Anatomical origin and ahronologioal development of roots for
Tree VII (A) and Tree VIII (B).

are younger and grow to a larger size than those in the whorl below (vid.
Tree VIII). The secondary roots of Tree IX developed about the time the
31-inch layer was deposited.

Well-developed multilayered root-forms are common to white
spruce and balsam poplar growing on sites subject to periodic alluvial de-
posits (q.v. Jeffrey 1959; Wagg 1964). They were observed on the alluvial
flats of the Peace, Slave and Liard Rivers in the Northwest and Yukon Ter-
ritories and have been seen throughout Alberta.
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MORPHOGENIC VARIATIONS OF ROOT-FORM

Variations in typical root-forms may occur which are not direc-
tly attributable to either soils or sites but to the spatial organization
of roots during morphogenesis. Spatial refers to the orientation of roots
in the rooting medium (a mechanical influence) and to the interaction of
growth among roots (a physiological influence) on form,

Orientation of Roots

The greatest variability in juvenile root systems is found on
decayed wood. The variations develop in several ways depending upon the
place of seedling establishment and moisture.

On dry areas the seedling roots may be confined to decayed wood
until the wood deteriorates and the primary roots enter the surrounding
soil. As the wood deteriorates, moss becomes established and humus forms
over the wood. Secondary roots grow to a large size in the better moisture
and nutrient conditions of this moss-humus layer. A bilayered root-form
results.

On wet areas, decayed wood situated above the general soil
level is suitable for seedling establishment. The primary roots develop
rapidly in the decayed wood and small secondary roots develop in the humus
and moss on the wood. The result is an elevated variation of the mono-
layered form with large primary laterals, grouped asymmetrically around the
rootstock. The typical form on such sites would be monolayered or parti-
ally bilayered with large secondary roots.

On waterlogged areas, seedlings appear on hummocks and decayed
stumps above the level of free water. Primary and secondary roots grow
downward around the stump or mound in a stilt root-form.

Three morphogenic variations of root-form are illustrated.

Retarded (Growth of Primary Roots)

The retarded variation of the multilayered root-form of Tree X
(Appendix 2 and Figure 17) developed on a decayed log on a dry Bisequa soil.
The root system is poorly multilayered since the interlaterals and supra-
laterals form only a partial whorl around the rootstock. All roots except
_I are secondary. Only the supralateral I) and the interlaterals A and £ are
large and many small roots terminated capillaceously near the rootstock.

Stages in morphogenesis are shown in Figure 19A. The tree,
which was established on a decayed log, developed a primary root system
within the log but only the primary root _! remained in the immature system.
A divaricate stem quickly developed and almost all of the secondary roots
developed from one branch. By the 15th year the infralaterals, R and £,
grew downward through the log to abort in the top of the Bf horizon. Of
the other infralaterals (A, £ and £), which grew in the humus on top of the
log, only AL reached a large size. The supralaterals I) and jE and the
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Figure 18. Tree XI: Elevated variation of monolayered root-form
with partially bilayered primary roots which developed
on the top of a decayed stump in sphagnum.
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Figure 19, Anatomical origin and chronological development of roots for
Tree X (A) and Tree XI (B).

developed above the supralaterals (A, IJ, E and I); (b) the supralaterals
grew obliquely from the rootstock in a stepped-down manner as the sphagnum
died, and; (c) the supralaterals terminated near the surface of the dead
sphagnum and at the same level as the infralateral roots which would be
buried more deeply in live sphagnum.

The complex root-form can be anticipated after alteration of
sites by drainage, destruction of the moss cover, or fire. Complex forms
require at least two distinct stages in site development, such as the nor-
mal development of moss and humus in a stand followed by a destruction of
the moss cover.
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Interactive Growth of Roots

Interactive growth among roots within a system refers to differ-
ences in the growth rate of roots of various ages and sizes. This concept
may be clarified by a review of some of the previous root-forms.

Restricted Taproot

While the restricted taproot-form develops on certain soils, it
also occurs when a complete whorl of laterals develops above the taproot.
This is interactive growth between laterals and taproot.

Neither Tree I nor Tree II shows suppression of taproot growth
by the laterals. In Tree I (Figure 5) the taproot is connected directly to
the trunk through a gap between laterals A^ and ]). Similarly, the taproot
of Tree II (Figure 6) is connected to the trunk between laterals (3 and H.
In neither case did lateral roots completely surround the rootstock, and
therefore growth of the taproots was not restricted.

When lateral roots completely encircle the rootstock, the tap-
root is connected to the trunk through contorted tissue and both radial and
lineal growth is suppressed. Suppression of the taproot may occur at any
age; the earlier it begins the smaller the taproot will be in relation to
the diameter of the rootstock.

Multilayered Roots

Interactive growth is characteristic of all multilayered forms
but unlike in taproot-forms it is more dependent upon changes in site and
orientations of roots. The multilayered form develops from the replacement
of one group of roots by another (cf. Vescikova 1964).

Tree VIII (Figure 15B). is an example. As a whorl of laterals
replaced the lateral roots below, the upper roots grew more rapidly and be-
came larger than the roots below; this replacement occurred six times. How-
ever this type of growth depends upon the rootstock being completely sur-
rounded by lateral .roots and the lower roots being unable to continue to grow.

In Tree VII (Figure 13) the replacement of one whorl of roots
by a whorl above was not complete as in Tree VIII (Figure 14). This re-
sulted in large roots occurring in both the upper and lower whorls. The
infralateral 1., the largest root developed before the 10th year, maintained
a direct connection with the trunk between the supralaterals JJ and 1^. It
was not suppressed in any way.

STRUCTURE OF ROOT SYSTEM AND TRUNK GROWTH

The structure of the root system has many relationships with
growth of the trunk. Two of these, the chronological development of roots
and interactive growth among roots within a system are examined. Since the
root systems are taken from a wide variety of sites, only qualitative com-
parisons of trees are possible.
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Figure 22. Differences in height growth and age between Tree V, which
established roots at an early agey and Tree VI3 which estab-
lished roots at a later age.

Tree VIII (Figure 22). This variation in height increment must be accounted
for partially by differences associated with the established root systems.

The replacement of one system of roots with another does not
appear to be consistent with maximum growth although, on some sites, this
is the only way a tree can maintain itself. The trunk growth of a tree
with a young expansive root or one with an older decadent root does not
equal the growth of one with an old established root. A replacement of
roots leads to a fairly uniform rate of trunk increment.
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Four root-forms are found in the region.

The elongated taproot-form occurs on well-drained Podzolic soils
where taproot growth is not restricted by soil texture, structure or drain-
age. The taproot maintains a direct connection with the trunk through a
gap between the laterals at the rootstock. Usually the elongated taproot
consists of primary roots since it is found on soils with a thin L-H layer
in which secondary roots do not develop readily.

The restricted taproot-form, which occurs on well-drained Pod-
zolic, Regosolic and Solonetzic soils, has several origins. The growth of
the taproot and proximal roots may be aborted and contorted by textural
changes between horizons or restricted by compaction of the underlying soil.
The taproot may be restricted by rapid development of a complete whorl of
secondary lateral roots around the rootstock. A contorted variant occurs
early in growth through horizontal orientation of the taproot in decayed
logs, humus and wet soils. Restricted taproot-forms are composed of both
primary and secondary roots.

The monolayered root-form, with or without a vestigial taproot,
is found in imperfectly-drained to poorly-drained Podzolic and Gleysolic
soils. The lateral roots form a single whorl around the rootstock; some-
times a partial second whorl exists (bilayered form); and the taproot is
vestigial or overgrown in the rootstock. The form may develop from an
aborted or degenerate taproot in the seedling, from restriction by a rock
or gley layer, or from degeneration of the lower part of the root system
in the presence of a fluctuating water table. The root system, depending
on the mode of development, consists of either primary and secondary roots
or all secondary roots.

The multilayered root-form is common on well to imperfectly-
drained Regosolic soils and very poorly-drained Gleysolic soils. The well-
developed form occurs in the presence of thick lacustrine and alluvial de-
posits. The form develops on sites where the water table is rising or soil
frost is rising, accompanied by growth of moss and humus accumulation.
Poorly-developed forms that grade into the monolayered root-form are found
on poorly-drained Podzolic soils with a thick feather moss and humus layer.
Development of the multilayered form is dependent upon the formation of
secondary roots, and all large roots are of secondary origin.

Variations of the typical root-form can be found on any area;
these result from the spatial organization of roots during morphogenesis.
Differences in the orientation of seedling roots in the rooting medium
(a mechanical influence) and the interaction of growth among roots (a phy-
siological influence) produce variations of form.

Two variants of the multilayered form resulted from a retarda-
tion of growth of primary roots by a decayed log and from two different and
opposite (complex) changes in site. A monolayered form of primary roots
instead of secondaries developed in sphagnum because of elevation above the
general soil level. Interactive growth, occurring in all root systems, is
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qu'un jeune plant; elle peut aussi avoir sa source dans la presence d'une
strate de roc ou de gley pres de la surface, ou dans la degradation de la
partie inferieure du systeme radiculaire a cause de la presence d'une nappe
phreatique fluctuante. Dans cette forme, se rencontrent soit des racines
primaires et secondaires, soit uniquement des racines secondaires, selon
le mode de developpement qui existe.

Enfin, la racine multifasciculee est frequente dans les sols
regosoliques mal draines et dans les sols gleysoliques mouilles. C'est
dans les epais depots d'alluvions ou lacustres qu'elle se developpe bien,
plus particulierement aux endroits ou la nappe phreatique a tendance a
s'elever et ou le sol gele plus profondement qu'auparavant; de tels en-
droits sont couverts de mousse et d'humus. Les formes intermediaires
(entre la racine multifasciculee et la racine fasciculee) arrivent en des
sols podzoliques mal draines couverts d'une epaisse couche d1humus et de
mousse. Toutes les grosses racines de cette forme generale sont d'origine
secondaire.

Les racines de chaque forme generale se trouvent dans chaque
Station: leur formation depend du lieu precis ou elles poussent. Au
nombre des diverses influences, signalons 1'orientation des racines des
jeunes plantes dans le sol (c'est une influence mecanique); signalons aussi
lfinteraction des racines au cours de leur croissance (influence physio-
logique).

Parmi les varietes de racines multifasciculees, I1une resulte
du retard dans la croissance des racines primaires cause par un tronc de
bois pourri gisant; 1'autre a pour origine la presence de sol different et
complexe situe dans le chemin des racines. Une racine fasciculee a
membres primaires (sans racines secondaires) se developpait dans la tourbe
a sphaigne qui s'elevait au-dessus du sol adjacent. L*interaction de la
croissance, presente dans toutes les formes, est plus prononcee lorsque
la forme evolue, au cours de son developpement morphologique, en une ra-
cine soit multifasciculee ou pivotante reduite.

La forme qu'adopte la racine influe sur la croissance du tronc:
celle-ci est retardee aussi longtemps que prennent les racines pour bien
se developper. Ce cas est le plus evident lorsque la racine devient multi-
fasciculee: pendant qu'un nouveau fascicule de racines laterales se forme
pour remplacer celui qui se degrade, le tronc crolt a un taux comparative-
ment plus lent, bien que regulier.
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APPENDIX 1

Scientific Names of Trees. Plants and Mosses*

Alpine fir

Aspen

Balsam poplar

Black spruce

Bog cranberry

Canadian buffalo-berry

Bunchberry

Cladonia

Creeping juniper

Dahurian larch

Dwarf birch

Feather moss

Fireweed

Kinnikinnick

Labrador tea

Meadow horsetail

Mooseberry

Norway spruce

Paper birch

River alder

Sedge

Sphagnum

Stiff club^-moss

Tamarack

Twin-flower

White spruce

Willow

Woodland horsetail

* Taken from: Moss, E.ti
Toronto, 1959.

Abies lasioaarpa (Hook.) Nutt.

Populus tremuloides Michx.

Populus balsamifera L,

Pioea mariana (Mill,) BSP,

Vaaoinium vitis-idaea L. var minus Lodd,

Shepherdia canadensis (L.) Nutt.

Cornus aanadensis L.

Cladonia spp.

Juniperus horizontalis Moench

Larix gmelini (Rupr.) Litvin

Betula glandulosa Michx.

Hylooomium splendens (Hedw,) BSG.

Epilobium angustifolium L.

Arotostaphylos uva-wsi (L.) Spreng,

Ledum groenlandicum Oeder

Equisetum pratense Ehrh,

Viburnum edule (Michx.) Raf.

Pioea abies (L.) Karst.

Betula papyrifera Marsh.

Alnus tenuifolia Nutt .

Carex spp.

Sphagnum spp.

Lyoopodium annotinum L,

Larix laricina (Du Roi) K. Koch

Linnaea borealis L, var ameriaana
(Forbes) Rehd,

Pioea glauoa (Moench) Voss

Salix spp,

Equisetum sylvatioum L.

, Flora of Alberta. University of Toronto Press,
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Tree VI (Figures 11, 12C, 21)

The tree, 60 years old, 23.1 feet high and 3.9 inches d.b.h., grew in
a pure stand of white spruce south of Grande Prairie, Alberta. The feather
mosses, Hylocomium splendens and Pleurozium sohreberi, were dominant under
the trees, and willow, mountain alder and grasses were in the openings. The
very poorly-drained Gleysolic (Orthic Humic Gleysol) soil, having a 5-inch
L-H horizon of feather moss and humus, 6-inch Ah and a gleyed B horizon at
11 inches, developed on glacio-lacustrine clay.

Tree VII (Figures 13, 15A)

The tree, 35 years old, 18.0 feet high and 2.5 inches d.b.h., grew in
a sparse stand of black and white spruce near Fox Creek, Alberta. The vege-
tation was paper birch, Labrador tea, grasses, bunchberry and twin-flower.
The very poorly-drained Gleysolic (Peaty Rego Humic Gleysol) soil, formed
on lacustrine clay, had a 6-inch L-H horizon of sphagnum and decomposed
peat and a 4-inch Ah which was underlaid with gley.

Tree VIII (Figures 14, 15B, 22)

The tree, 88 years old, 32.9 feet high and 4.1 inches d.b.h., grew in
a dense stand of white and black spruce and tamarack on a high terrace near
the mouth of Hay River, Northwest Territories. The vegetation was paper
birch, sedge and an almost continuous carpet of feather mosses (HylocomiuJTi
splendens, Pleurozium schreberi- and Ptilium crista-aastrensis), The water-
logged Gleysolic (Rego Humic Gleysol) soil, developed on lacustrine sand,
had a 5-inch L-H horizon of feather moss and humus and 12-inch Ah underlaid
with a mottled C Horizon. Free water was present at the surface in the
middle of July.

Tree IX (Figure 16)

The tree, 35 years old, 20.3 feet high and 3.0 inches d.b.h., grew in
a mixed stand of balsam poplar and mountain alder on the shore of Great
Slave Lake at Vale Island, near Hay River, Northwest Territories. The only
vegetation was woodland horsetail. The well-drained Regosolic (Orthic
Regosol) soil was coarse lacustrine sand deposited on a levee. The profile
showed a 3-inch deposit on a 31-inch deposit both of which overlay a 2-inch
humus layer on top of sand.

Tree X (Figures 17, 19A)

The tree, 33 years old, 23.7 feet high and 3.4 inches d.b.h., grew in
a dense stand of white spruce on the Simonette River south of Valleyview,
Alberta. The ground cover was willow, stiff club-moss, mooseberry, twin-
flower, grasses and feather moss. The well-drained Podzolic (Bisequa Gray
Wooded) soil, developed on very fine aeolian sand, had a 6-inch decayed log
on top of a 3-inch Ae, 6-inch Bf and a deep C/B+ horizon.
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ABSTRACT / In many locations, regulatory agencies do not

permit tree planting above landfills that are sealed with a
capping clay, because roots might penetrate the clay

barrier and expose landfill contents to leaching. We find.
however, no empirical or theoretical basis for this
restriction, and instead hypothesize that plant roots of any
kind are incapable of penetrating the dense clays used to
seal landfills. As a test, we excavated 30 trees and shrubs,
of 12 species, growing over a clay-lined municipal sanitary

landfill on Staten Island, New York. The landfill had been
closed for seven years, and featured a very shallow (10 to
30-cm) soil layer over a 45-cm layer of compacted grey
marl (Woodbury series) clay. The tost plants had invaded
naturally from nearby forests. AH plants
examined—including Irees as tall as 6 m—hr.d extremely

shallow root plates, with deformed tap roots that grew

entirely above and parallel to the clay layer. Only

occasional stubby feeder roots were found in the top 1 cm

of clay, and in clay cracks at depths to 6 cm. indicating
that the primary impediment to root growth was physical,
although both clay and the overlying soil were highly

acidic. These results, if confirmed by experimental
research should lead to increased options for the end use
of many closed sanitary landfills.

Restrictions on Use of Woody Plants on
Closed Landfills

Modern landfill technology includes methods for
isolating landfill contents, largely to prevent wetting
of the contents and subsequent pulses of leachate that
might contaminate surrounding lands and waters.
This is accomplished by sealing the top of a completed
landfill with an impermeable liner, using one of two
loethods. Either a thick layer of dense clay is spread
over the top and sides of the mounded trash, or the
mound is carpeted with a synthetic waterproof fabric
(a goetextile). Both types of linear are covered with a
layer of soil, which is designed to function as a combi-
nation barrier protection layer, drainage channel, and
growth medium. Both systems are engineered to
function for several decades, during which time land-
fill contents are expected to slowly decompose anaer-
obically (Anonymous 1980, Lutton 1982. Oweis 1989,
Miller 1988, Woodward 1989).

Given their constant shifting and settling, closed
landfills are often unsuitable for building construc-
tion, and options are limited to their end use (e.g.,

KEY WORDS. Clay liner; Environmental regulation; Restoration ecol-
ogy. Root perMWion; Sanitary landfill* Woody plants

'Current addreu; Department of Biological Sciences, State Unixr-
My of New York. Albany. New York t>222. USA.
•Author to whom corre»poadencc ihould be addreucd.
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Aplet and Conn 1977). Therefore, the main defining
feature of many closed landfills, other than shape and
size, will be their vegetative cover. Altr. jugh the soil
materials used for final cover, including surface lay-
ers, are designed primarily for containment, most
sites can accommodate a variety of plant communities,
if provided sufficient soil cover (Carnell and Insley
1982, Bradshaw 1984). Typically, however, the vege-
tation is engineered to match the site, rather than the
reverse. Part of the reason for this approach lies with
fears that some types of vegetation might interfere
with containment. In cases where final cover includes
synthetic geotextiles, that concern has been somewhat
alleviated by tests demonstrating that those materials
are resistant to penetration by tree roots (Landreth
1991, Dobson and Moffat 1993). However, on clay
caps, landscaping materials are often restricted by law
to herbaceous plants (e.g., grasses ard wildflower
mixes), out of concern for potential damage to day
barriers posed by woody plant roots.

The origin of those concerns is not clear, although
they arc expressed in regulations and technical guide-
lines (e.g.. Anonymous 1989, 1991, 1992, citations in
Dobson and Moffat 1993). It is not even clear that
herbaceous plants should be any less threatening dian
trees and shrubs. For example, roots of, native bunch
grasses from the Great Basin of western North Amer-
ica are known to reach depths of several meters
(Weaver 1920) in their native soils. Indeed, studies of
clay-capped landfills in Wisconsin, US/ , indicate that
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grass roots may penetrate day* that are not properly
compacted (Grefe and others 1987, cited in Dobson
and Moffat 1993). At the heart of the issue, however,
is a serious environmental responsibility—preventing
contamination of adjacent water tables by landfill lea-
chate. Roots penetrating clay linen could have several
conceivable detrimental effects. The most obvious
threat would be the creation of a porous liner by ver-
tically piercing roots. Two less obvious possibilities
are: (1) drying of the clay liner (with subsequent
shrinkage and loss of elasticity), from evapotranspira-
tion conducted through partially penetrating roots;
and (2) damage to the clay liner (tearing and expo-
sure), due to windthnw of trees with roots growing in
the clay. We have so far found no evidence, direct or
indirect, to support any of these concerns or the regu-
lations they have inspired.

Root Growth and Soil Physical Properties

Woody species can be categorized by different root
morphologic*, and some species are known to pro-
duce deeply penetrating roots, at least in loose, well-
drained soils. In extreme cases, root depths for trees
\nd shrubs are measured in meters (e.g., Whittaker

^and Woodwell 1968, Laycock 1967). However, root
growth is plastic and so highly dependent on soil
properties that distinctions between species blur (Ko-
zlowski 1971, Harper and others 1991, Dobson and
Moffat 1993). For example, red maple (Acer rubrum)
has shallow fibrous roots in swamp forests, but grows
deep "striker" roots on drier upland sites (Hutnik and
Yawney 1961). Roots of scrub oak (Quercus ilicifoKa),
growing in the Pine Barrens of southern New Jersey,
can be classified into five distinctly different morphol-
ogies, each associated with a different set of local soil
features (Laycock 1967). In many instances, root
growth depends on soil nutrients, and root architec-
ture may conform to the distribution of soluble nitro-
gen or phosphorus (Fitter and Strickland 1991). Soil
physical resistance, such as the resistance imposed by
dense clay, is particularly notorious for directing pat-
terns of root growth (Hermann 1977. Atwell 1993,
Dob»on and Moffat 1993). It is common knowledge
among gardeners and horticulturists that clay soils are
problem soils and that the more fine-textured the
clay, the lower the likelihood that any plant species
will grow deep roots (Materechera and others 1991).

The clays currently used 10 cap sajiitary landfills
are required to feature hydraulic conductivities in the
range of of 10~7 cm/sec, after compaction, i.e., this
material is so dense thai water move, down through it
at rales of about I mm/day. Achieving such low con-

ductivity requires a material with small particle sizes
and thorough compaction by heavy equipment. To a
plant root, this represents enormously dense material,
with bulk densities probably well above those at which
most root growth has been observed to stop (Her-
mann 1977, Atkinson and Mackie-Dawson 1991, Mc-
Michae) and Persson 1991, Atwell 1993). Further-
more, many of the capping materials employed, at
least in the New York area, are sulfide-bearing clays,
which acidify when oxidized (Kittrick and others
1982. Tedrow 1986). As such, they represent very
poor rooting material, irrespective of their physical
properties.

Given the clear constraints imposed on root growth
in clay, as well as the propensity for roots to avoid
inhospitable soil zones, we hypothesized that woody
plants would not pose a hazard to landfill clay liners.
In this study, we examined the root systems of woody
plants growing over a clay cap on a closed sanitary
landfill, testing whether their roots had grown into
the clay.

Methods

The Brookfield Sanitary Landfill covers 19 ha near
the center of Staten Island, New York. Filling endt d
in 1985, when the landfill was permanently closed,
and a final cover was installed on the most recently
filled portion (approximately half the site). This covrr
consists of a very shallow soil (30 cm or less), as a
growing medium, over a 45-cm layer of barrier clay.
The sou" is a mixture of various shales and tills that
were transported to the site from construction excava-
tions. The clay is a pyritis grey marl (Woodbury scries,
mined in central New Jersey (Tedrow 1986)], graded
and compacted to feature an average hydraulic con-
ductance of 10~7 cm/sec. During the seven years since
closures, a sparse stand of woody plant species has
begun growing on the landfill, despite the meager
soil. These plants presumably arrived via natural col-
onization from a surrounding native woodland (Fig-
ure 1). The volunteer trees and shrubs were growing
at very low densities (145 stems/ha), and ranged in size
from about 1 m to over 6 m. Because the above-cap
growing medium was so shallow, the site offered an
excellent opportunity to examine whether woody
plant roots could or would grow into a clay liner.
Contact between roots of many of the older trees and
shrubs and the barrier clay had probably begun soon
after the final cover was applied, and we could exam*
ine the results after several years' growth under near-
experimental conditions. The final cover on this site
will soon be improved, tu conform with new, more
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Figure 1. Field level photograph of a
portion of the Brookfield Landfill, taken
in June 1993. The large tree* in the
foreground arc black locust, Robinia

stringent standards, and we were granted permission
by the New York City Department of Sanitation to
excavate the woody plants on the site.

In fall 1992, we excavated 30 trees and shrubs, of
13 species, that had been growing for up to seven
years. For the most part, they represented the largest
specimens available, but some species were repre-
sented by a single individual. Species with small,
short-lived stems (e.g.. blackberries. Rvbia spp.) were
excluded. For each plant sampled, we chopped
through the main lateral roots in a circle of 1-2.5 m
diameter (depending on plant size), removed surface
soil from around the attached roots, dug ouc the ex-
posed root mat, and tipped the plant on its side.
Within the area excavated, any remaining soil was
scraped to expose the clay cap, whkh was examined
for the presence of plant roots, living or dead. Maxi-
mum root depth of the excavated plant was mea-
sured, as well as the overburden soil depth, and the
maximum diameter of the largest exposed root. Each
plant was aged by counting growth rings, and each
plant's size was determined by measuring basal stem
diameter and height from soil surface to the tallest
growing bud. To estimate potential physical resis-
tance to root growth in both soil and clay, probes were
made with a spring-type penetrometer (Soil Test In-
corporated Pocket Penetrometer). which provides a
relative measure of resistance to a calibrated force
(McKyes 1989, Bengough 1991, Campbell and
O'Sullivan 1991). All probes were made in (he field
following a rain, in order to obtain moist soil condi-
tions. Beneath each plant, 250-cc samples of soil over-
laying the clay cap were removed for laboratory pH
tests, using a laboratory electrode inserted in a slurry

of homogenized soil and distilled water (McLean
1982).

Results

Nineteen species of woody pla-m were found
growing on the landfill; 13 had sizable individuals
living above the clay cap. Judging from their ages,
many of the sampled trees and sh. rubs had begun
growing on the site soon after the < ap was installed.
All 30 plants examined, including the largest, had
extremely shallow root plates (Figure 2). Tap roots of
all sizes were deformed in many cases (Fig. 2C,D),
growing entirely above and parallel to the clay layer.
A few small feeder roots were found in the top 1 cm of
clay, and in several cases, in cracks at depths of up to 6
cm, but no significant penetration of the clay cap was
observed. Maximum root depth was typically equiva-
lent to the depth of the soil overlying the clap cap
(Table 1). Despite the very shallow spils, many of the
plants were not particularly small for (heir ages and
were apparently able to maintain siz.ible root volumes
that spread well beyond the canopies.

Soil pH beneath each specimen was substantially
higher than that of the underlying (.ay (4.0 vs 3.1, on
average), although values for the soil were themselves
quite low. perhaps due to acidification by the clay cap
(R, Duell personal communication). Mean penetrom-
eter resistance measurements were 0.54 MPa for die
soil and 2.36 MPa for the clay. Values for the clay
increased with depth, and measurements taken at
depths >10 cm were off the scale of the instrument,
>3.10 MPa. Values above 2.0 MPa indicate strong
potential root impedance (Clinski and Lipiec 1990,

.1.
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Ftyur* 2. A. Side view, excavated root
plate of a 6-yr-old black locust growing
in 20 era of loil above a clay cap. The
tip of the (hovel reiu on the surface of
(he barrier day. B. Frontal view of root
plate in A. Note the large (8-cm-dianv)
lap root thai has grown horizontally
(arrow). C Roots of a 4-yr-old grey
birch. Bctulopofwlifoko, that was grow-
ing in it (mall depression. Note that
lateral roots (on left) have curved up-
ward, remaining above the clap cap. D.
Detail of root growth in a. 5-yr-old
groundsel bush, Bactharis hokmifolia.
Note the abrupt curvature in the tap
root (arrows), which occurred at the

interface.

Ch. 4, Bengough 1991, Campbell and O'Sullivan
1991).

No damage to the barrier clay cap by woody plants
was observed. The plants examined represent a wide
array of potential root growth forms, yet all remained
above the liner. Bayberry (Myncapensytvanica), for ex-
ample, is capable of growing very deep lateral roots
(Laycock 1967). and both black cherry (Prunus «-
rotuta) and pin oak (Quereus paliutris) can produce tap
roots that penetrate well over 1 rn (Hough I960, Ko-

zlowski 1971). In all cases, only minute feeder root*
were found in the topmost part of the clay. Even for
trees as tall as 6 m, the root mass remained shallow,
spreading laterally, rather than downward.

Discussion

Root Growth and Soil Physical Properties
Given evidence from previous research on root-

soil interactions, we anticipate that our results are in-
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Table 1. Measurement data from 30 excavated trees and shrubs growing over a clay liner on Brookfield
Landfill. Staten Island. New York*

Specie*

Tree species
Bttuio populifolia

Liqtadambar ityraeiflua
Menu ip.
Pruntts strotina

Pjumut pahutnt
Robmia pstialoataaa

Shrub species
BaeeHarii hohmifol*.
CtpWunOau occidtnlalis
Myrica ftniybanica

£AiugioAra

Sambiicus canadtnsit
Vifrvnmin deniatum

Meant

Common
name

grey birch

sweet gum
mulberry
black cherry

pin oak
black locust

groundsel bush
butionbush
bayberry

smooth tumac

elderberry
arrovrwood

Height
(cm)

170
505
400
380
510
175
210
440
39S
235
245
360
410
405
627
533

130
125
115
135
110
141
107
136
235
240
167
145
195
200
266

Basal
dam.
(cm)

2.5
15.0
8.0
8.0
8.0
4.0
3.5

22.0
12.0
4.5
6.0
8.0

10.0
6.0

12.0
11.0

2.0
4.5
2.0
2.5
2.5
2.0
1.5
2.0
3.0
3.5
1.0
1.0
2.0
S.O
5.8

Age
(yr)

4
6
5
5
7
6
7
7
7
7
5
6
5
4
7
7

5
5
5
6
5
S
3
7
7
7
6
5
5
6
5.7

Soil
depth
(cm)

8
10
12
17
35
19
20
12
20
14
19
20
14
24
20
33

21
21
25
25
18
21
20
19
17
15
22
34
24
35
20.5

Root
depth
(cm)

6
10
15
21
35
15
15
13
21
14
20
21
14
24
20
28

21
21
17
16
18
22
21
17
13
10
17
15
26
29
18.6

Root
diam.
(cm)

2.5
7.0
4.0
2.5
4.5
3.5
3.0

13.0
7.0
4.0
5.0
8.0
6.0
4.0
7.5
6.0

1.5
2.5
2.0
2.0
2.0
1.5
1.0
1.0
1.0
1.5
1.0
1.0
1.5
2.0
3.6

Soil
pH

3.41
3.14
3.41
3.60
5.13
4.09
4.01
3.97
3.70
3.71
3.53
3.84
3.70
4.72
4.75
4.10

4.33
J.72
4.32
4.28
4.90
4.00
4.97
4.41
4.32
3.29
3.72
4.17
3.86
3.73
4.03

Clay
pH

2.84
2.52
3.14
3.20
3.12
3.47
3.32
3.16
2.73
2.91
3.03
2.90
3.00
2.96
2.76
3.70

3.64
3.01
3.56
3.46
3.19
3.08
2.67
3.11
3.05
2.89
3.18
3.15
2.83
2.65
3.08

•Soil depth repreienu only the amount of cover material above the clay at each umple location.

dicative. Studies of root growth in heavy soils indicate
that the types of clay used to seal landfills, with their
high bulk densities and small pore sizes, will be imper-
vious to plant roots, including; those of woody species
(Rimell 1977, Ch. 8. Klepper 1987, Bennie 1991. Ma-
terechera and others 1991). In order to grow, a root
must push aside soil panicles or else work through soil
pores, cracks in rocks, or other discontinuities.
Whereas an extending root tip has a diameter of
0.1-3 mm. soil pore diameters range from 0.002 to
0.2 mm. with even lower values for pure clay (Taylor
1971, Rendig and Taylor 1989). Dense soils, with
their small average panicle size—«specially com-
pacted clays—represent strong barriers to root pene-
tration, because the small pores are rapidly clogged
with fine panicles that accumulate around th« root
tips (Dexter 1986, Greacen 1986, Atwell 1993). The

forces necessary to penetrate such soils a « beyond the
capability of most plants studied. Root tips of any
plant species extend by cell enlargement, driven by
turgor (osmotic-hydraulic) pressure, and there are
absolute limits to the amount of force that can be
generated under these circumstances (Dexter 1987,
Glinski and Lipiec 1990, Whalen and Feldman 1990,
Atkinson and Mackie-Dawson 1991). Tree roots are
notorious for breaking pavement and cracking rocks,
but this activity is driven by gradual inci cases in girth
of" roots already in place, not penetration by young,
growing root tips (Hermann 1977).

Further Research Needs

Although our field data seem clear a id consistent,
additional experimental information i> needed for
three reasons. First, the duration of growth was short.
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relative to the life-span of the plants examined tnd
the effective life-span of a typical clay barrier cap.
Second, a limited number of species was examined,
simply because no others were available. Third, no
controls (i.e., specimens growing on more natural
soils) were examined to compare root growth off the
cap during the same time period. To expand our em-
pirical data base, we have begun * more stringent
experimental test, using 17 tree and shrub ipecies
with a range of observed root morphologies, planted
on and off clay-capped landfills, designed to directly
lest ilie throe concerns presented above. While these
expcrimemi will continue for tome time, preliminary
results are consistent with thole described in this pa-
per.

We did not specifically test for the mechanism of
root inhibition. H?o>u«e these types of clay caps are
not only nuirieiu-poor. but can inhibit nutrient up-
uke (by acidifying the root-soil interface), root
growth into clay caps (especially pyritic clays) could be
impeded chemically, as well ai physically. Further-
more, dcn»c clay ioiU are low in oxygen, and many
specie* do ncrt tolerate strongly anoxic rooting zones
(Riuxll 1977, Ch. <»). We did find that some roots
grew 3 very show distance into the clay. It is not clear
whether they stopped penetrating due to physical or
chemical inhibition or oxygen deficiency. Because the
overlying toil* had low pH values themselves, we sus-
pect that the primary inhibition was not acidity. How-
ever, any of these factor* might have acted indepen-
dently or ti|)ciaiLtl in combination to impede root
growth.

Management l/nplicaiions

Regulations that prohibit woody plants on clay-
tapped landfill* illustrate a conflict between the ihort-
wrm need 10 address environmental concerns and a
long-ierni need lor comprehensive landscape plan-
ning On the one hand, minimizing Icachate contami-
nation pnnccu nearby soils and waien, and any real
or imagined ruk a magnified by the strength of this
concern. However, many landfills, like other de-
graded .iu-s, me extremely unappealing landscape el-
cmenu that detract from their urban or rural sur-
roundings. 11 ihey arc (imply maintained for decades
at m«wed graray mounds—which typically revert to
weedy wasteland, (Suhcr J<I84. Robinson and others,
1992)—then their continued presence it» long-term
detriment for Iiuman and wildlife population*.

•• In addition to improving habitat quality and aes-
">«« propcnies Iw increasinK vegetation complexity
(Robmion and Handel 1993), woody planu could

themselves contribute to cap integrity, by reducing
soil erosion. For most tree species, the great mas* of
woody plant roots (ca- 95%) is concentrated in the
very topmost soil layers (Lyford 1975, Perry 1982.
Watson 1982), at depths well above the limits of the
recommended 60-crn minimum soil cover that accom-
panies a properly installed clay liner (Dobson and
Moffat 1993). With their soil-binding capability,
woody plants can hold precious topsuils, while main-
taining structural integrity, as well as vegetative cover,
on closed landfills. With respect to leachate reduction,
trees and shrubs remove large quantities of water
from soil, and are capable of doing so quickly and
efficiently. For example, in experimental plantations
on uncapped landfills, trees greatly reduced leachate
volume;, removing soil water via cvapotranspiration
(Mol?. 1977, F.itaU 1987).

Nevertheless, with environmental planning fo-
cused almost exclusively on waste containment, the
potential for promoting ecological complexity in the
end-use plans of landfills has been stymied. By limit-
ing approved vegetation to herbaceous plants, regula-
tors allow only a very narrow range of landscaping
alternatives for landfill owners and managers. Op-
tions for end uses of landfills could be greatly ex-
panded by a careful reassessment of current land-
scaping restrictions, including those that disallow
native woodland development.
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Standardized procedures were developed for those charge with establishing a vegeia live
cover on completed landfills. Special problems associated with growing plants on
these sites are discussed, and step-by-step instructions arc given for converting a closed
landfill to a variety of end uses requiring a vegetative cover. Procedures are outlined
for vegetating landfills with either limited or adequate funds.

Key Words—Landfills, reclamation, vegetation, soils, grasses, woody vegetation,
erosion, irrigation, mycorrhizal fungi, root systems.

1. Introduction

Completed landfills throughout the U.S.A. are being developed into parks, golf courses,
nature areas and other multiple-use facilities. A critical factor in achieving one of these
end uses is establishing and maintaining an effective vegetative stand on the final cover
soil. Standardized procedures for planting vegetation on completed sanitary landfills
have been developed and are outlined here in step-by-stcp procedures that are to be
followed in sequence. Instructions are included for vegetating a completed landfill wi th
either limited or adequate funds. Although these instructions refer specifically to the
U.S. State Agricultural Experiment Stations similar services are available in many other
countries.

Data were collected from more than 60 site visits in 21 states (Flower <?r al. 1981;
Leone et al. 1979), other field experiences, textbooks and standard references on the
growth of plants under adverse conditions.

2. Vegetating landfills with limited funds

2.1. Step Al: selecting an end use

The end use for a landfill is largely dictated by local needs and the political community.
The selection should take place as soon as possible to expedite completion of the
project. Each of the following steps will be much easier once a plan is formulated. If
funds arc l imi ted , the plan might include a passive park, a hunt ing ground, or a natural
open space with trees, shrubs, and grasses. Golf courses, multiple use parks, and other
highly intensive recreational uses would require greater expenditures. If an end use has
not been selected, controlling erosion wi l l be the primary short-term goal (see Section
2.1. Step A-J).

i>n Oilman ci at. I 9K3 .
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2.2. Step A-2: determining depth of cover

The amount and quality of soil cover on a landfill is frequently inadequate for
vegetation growth, probably because of the high cost and lack of availability of suit-
able soil. Deficiencies in cover soil need to be corrected before grass or woody vegetation
is planted. The cost of covering an entire landfill with enough rich soil for satisfactory
tree growth is excessive. Thus enough soil should be present to bring the total depth
to 60 cm (not including the gas barrier layer) in all areas except where trees and shrubs
will be planted; the latter areas require at least 90 cm. If portions of the landfill have
no cover soil over the final refuse layer, select and spread soil according to steps B-4
and B-5 (Sections 3.4. and 3.5., respectively).

A back-hoc is best suited for determining soil depth, because many holes can be dug
in a short time. If this equipment is unavailable, a soil auger and shovel can be used.
Because soil depth generally varies over the landfill, several determinations should be
made at different points in the area to be planted.

By digging a minimum of 2.5 holes h a ~ ' (one hole per acre) for sites larger than
20 ha (50 acres) I hole ha"1 for smaller areas, enough data can be collected to deter-
mine whether additional soil is necessary, how much is needed, and where it should
be placed. The procedures in Steps B-4 and B-5 (Sections 3.4. and 3.5., respectively)
should be followed when selecting and spreading additional soil cover.

If results show that more soil is needed anywhere on the site, soil can be moved
from one part of the fill to another, or it can be trucked in from another site. Moving
the soil is the obvious choice if it can be spared from certain sections. For example,
an area thai has more than 60 cm of cover soil could supply soil for other parts of
the landfill if it is designated for grass and not trees, which require at least 90 cm of
soil.

2.3. Step A-3: establishing an erosion control programme

2.3.1. Testing tolerance oj ground cover species

Soil on recently covered landfills must be stabilized immediately to prevent erosion,
but soil conditions on landfills make this procedure difficult. Concentrations of CO,
and CHa may be high. Oj may be low, soil moisture may be limiting, soil is frequently
poor quality, compacted soil is common, soil temperatures may be high, and
exposures to weather may be extreme.

A one-growing-season study on 1 ha of land should be conducted to select landfill-
tolerant grasses. Conditions on such plots must represent those expected over most
of the fill area if results are to be meaningful. Conditions to consider include
(1) cover soil depth, type and compaction; (2) soil gas concentrations; (3) refuse type,
depth, age and compaction; and (4) surface aspect and slope.

Soils in the experimental plots should be tested for pH, Mg, Ca, P, K, NO3,
NH*, conductivity. Cu, Fe, Zn, Mn, particle size distribution, bulk density and organic
matter. Four 10 five samples should be collected per acre. Step A-4 (Section 2.4.) gives
the details on collecting these samples. Soil tests should be performed by the State
Agricultural Experiment Station or other certified soil testing laboratory to indicate
whether amendments and/or conditioning is required for acceptable seed germination
and growth. These amendments should be applied according to soil test recommendations
and mixed into the top 15 cm before the plot is seeded.
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Each test area should be divided into at lease three blocks, and each block should
be planted with all the species being evaluated in 9- to 18-m1 plots delineated by string.
This procedure will provide three replications of every species in each area. The species
should be randomly distributed within each block. Hand seeding will be necessary.
Twenty or more species can be easily handled in this manner.

Seed companies and the State Agricultural Experiment Station are likely to co-
operate in selecting species with which to experiment. In most cases, seed vanenes should
be chosen to accommodate very dry sites and the cover soil conditions particular to
the landfill (these should be checked by testing the soil as in Step A-4, Section 2.4.).
Species selection may require more care on fills with a known end use, since aesthetics
and compatibility with the use must be considered along with erosion con-
trol. A list of species recommended for strip mines or other difficult-to-reclaim areas
appear in Table 1.

Grasses

TABLE 1
Some grasses and legumes that should be tested for landfill adaptability*

Legumes

Kentucky 31 Fesiuca arandinacea
Perennial ryegrass Lolium perenne
Weeping lovegrass liragroslis curvulara
Millet EclnnocMoa spp.
Reed canary Phalans arundinaces
Switchgrass Panicum virgatum
Orchard grass Dactylis glomereia

Crownvetch Coromlla varta
Birdsfoot trefoil Lotus cornicutatus
Alfalfa Medicago saliva (Lucerne)
Lespedeza Lespedeza spp.
Flaipea Laihyrus

'Reference: Vogel 1981.
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Seed should be sown in the fall, preferably, or in the very early spring if necessary.
The seeding rate vanes with the species and can be suggested by the supplier. Seeding
rates recommended for landfills are generally several times those recommended for un-
disturbed lands. Several legumes should be tested along with the grasses, since they
are widely adaptable, require less nitrogen for growth and are often used for reclamation.

Mixtures of annuals and perennials are best suited for stabilizing soil and preventing
erosion on reclaimed strip mines. The annuals provide a quick temporary cover that
is succeeded by the more permanent perennials. Recommended seeding rates should
be followed carefully for the quick cover species to prevent dense stands that prevent
or retard establishment of the permanent species.

If it becomes necessary to cover portions of the landfill with soil-holding grasses before
the experiments have been completed, then thecountry agricultural agent or soil conserva-
tion service can supply the standard seeding and feeding rate (based on the soil analysis
outlined in Step A-4, Section 2.4.) for the area for the species selected from Table I
or otherwise recommended by the county agent.

Some seed mixtures suited for erosion control and site stabilization are not com-
patible with other land uses. For example, Sericea tespede-a and flatpea are ex-
cellent for long-term erosion control, but their value as forage and wildlife habitat is
lower than that of other legume species. Species should thus be selected for their
suitability for the approved land use as well as for their ability to control erosion.
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2.3.2. Flaming procedures

To prevent erosion, steep, sloping ground should be microterraced before seeding by
running a wide-tracked bulldozer up and down the slope without touching the blade
to the soil. The seed should be handspread and raked into the soil. A mulch and asphaltic
tack should be applied to hold the seed in place and to conserve soil moisture. Some
of the annuals can be seeded in the spring and used as mulch for a fall perennial plant-
ing.

Growth on the site should be evaluated once a month by a qualified specialist during
the first 4-6 months after germination.

If the plans for a site include a natural area, consider testing any volunteer species
already growing at the site. These experiments should begin in the fall so that the follow-
ing three steps can be implemented during the next summer and planting can be done
over the entire landfill in the following fall.

2.4. Step A-4: determining the soil nutrient status

2.4. (. Sampling procedure

Soils should be tested before or during the grass and groundcover experiments for pH,
N2. K. P, conductivity, bulk density, organic matter, and other macro- and micro-
nutrients mentioned in Step A-3 (Section 2.3.)- Soil samples should be collected in a
grid or zig zag sample pattern within the proposed planting sites. With homogeneous,
single-source soil, one sample for every - ha may be sufficient. If a wide variety of
cover materials were used, however, more samples arc needed. Samples should be collected
from a 0-20-cm deep soil column. A composite should be made from five samples.
Any number of soil augers or shovels may be used for sampling, bui picks and shovels
may be needed with very compacted soils. Roots and other plant material should be
removed from the sample.

2.4.2. Fertilizer

The local country agricultural agent or soil conservation service office may help to
collect and analyse the samples, interpret the results and make recommendations for
the addition of fertilizer and/or lime. Remember however, that fertilizer may encourage
such rapid, vigorous growth of the herbaceous vegetation that the establishment of woody
species from seed may be supresscd or prevented. Again, such site-specific problems
must be worked out with local officials and reclamation specialists.

2.4.3. Metals

Soils that contain high concentrations of Zn, Cu, Ma, Fe, Cd or Pb should not be
used for cover material unless this situation can be corrected by increasing the pH between
6.5 and 7.0, increasing the P content, or adding organic matter. Studies are available
on the relationship of the metal contents of soils to plant growth (Chancy
1973).

2.4.4. Conductivity

Conduciivity is an important soil characteristic that is frequently neglected in routine
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analysis. Since salt content can dramatically affect plant root growth and water balance,
avoid planting in soils with a conductivity greater than 2 mmohs cm"'. Soils with greater
conductivity can be used only after rain water has leached enough salt from the soil
to bring it within acceptable limits (i.e. less than 2 mmohs). This process may take
several weeks or months, depending on the amount of rainfall and drainage
characteristics. Salts may never leach from soils in the drier parts of the country.
Conductivity tests can be performed along with the more routine analyses.

2.5. Step A-5: determining soil bulk density

Cover soil is frequently compacted by landfill equipment dunng spreading operations
to bulk densities exceeding 2.0 g cm"3. Bulk density can be determined by weighing
five to seven undisturbed soil cores of a known volume (e.g. 300 cmj) for each hectare.
If the density is greater than 1.7-1.8 gem~} , plant root growth will probably be severely
restricted. Compacted soil should at least be sacrificed, and organic matter added to
enhance the physical properties.
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2.6. Step A-6: amending cover soil

The soil over the entire planting area should be amended with lime, fertilizer, and/or
organic matter according to recommendations from the soils lab one to several weeks
before anything is planted. These materials should be incorporated into the top 1 5 cm
of soil.

2.7. Step A-7: selecting landfill-tolerant species

From the results of the experimental plots established in Step A-3 (Section 2.3.) grasses
and other ground covers can be selected for planting in the soil cover spread on the
entire landfill.
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2.8. Step A-8: planting grass and ground covers

No known studies have been done to define the best planting technique for establish-
ing grasses on landfills, but it is generally desirable to embed the seed in the soil. Mulches
have been used as an alternative to embedding the seed, but this approach is less likely
to be effective on adverse growing sites such as landfills. On steeper slopes, where em-
bedding or drilling is impossible, a mulch must be used to prevent the surface soil layers
from drying out and to hold the seed on the soil until it germinates and establishes
a reasonable cover.
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2.8.1. Planting steep slopes

Several methods exist for dispensing seed onto the cover soil. Steep slopes that are in-
accessible to conventional equipment must be hydro-processed in one operation with
fertilizer, lime, seed, mulch, and enough tack to hold the mulch on the slope. Hydro-
seeded soil must not be compacted during spreading and must be very fnable at seed-
ing time. Seed will germinate beneath the mulch on hard, compacted soil, but the roots
will not penetrate the soii surface and will succumb to drought. Although hydro-
seeding has been advertised as a miraculous process for vegetating slopes and other
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areas with adverse growing conditions, results will be disappointing unless the soil is
properly prepared with the right equipment at the proper time.

2.8.2. Pluming flat or gently sloping ground

Many methods exist for spreading fertilizer, lime, seed and mulch on flat and gently
sloping ground (hand-spreading, use of cyclone spreader, drilling, furrowing, etc.). The
method chosen wil l be dictated by the soil type and condition, and by other factors
particular to the planting areas to be determined by the contractor. To assure that the
methods used are suited to the existing conditions, these factors should be carefully
studied just before planting.
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2.8.3. Barren areas

Areas may exist on the landfill cover where plants will not grow because of high landfill
gas concentrations. Replanting these areas will generally not eliminate this barren area
problem. Wood chips or large stones can be used to prevent erosion and provide an
aesthetically pleasing appearance. If gas is extracted or otherwise recovered from the
landfill, the ability of the cover soil to support vegetation will be increased. Further
discussion of this matter is presented in Step B-2 (Section 3.2.).

If no gas is present in the areas of poor growth, the soil should be checked for the
constituents listed in Step A-3 (Section 2.3.) and for erosion washout. If re-
planting is necessary', the area may first have to be refilled, regarded and microterraced.

2.9. Step A-9: developing tree and shrub growth

Efforts to develop a good cover of woody plants should begin by ascertaining that
90 cm of soil is in place in areas where trees and shrubs will be planted. Woody plants
generally have a deeper root system and require better anchorage than ground cover
species. Soil added to bring the original cover to a depth of 90 cm should be
selected and spread according to Steps B-4 and B-5 (Sections 3.4. and 3.5., respectively).
If sufficient funds are available, a barrier (Step B-3, Section 3.3.) should be placed beneath
each tree-planting area to protect the root system from harmful landfill gases.

The least expensive and most practical means for establishing trees on a completed
landfill that has been closed for some time is to plant seeds or small whips of species
already establishing themselves on the landfill. Some of these species may be available
from the State nursery. Since recently closed portions of landfills and older landfills
with very poor cover material are not likely to support many volunteer trees or
shrubs, Step B-8 (Section 3.8.), a good reference (e.g. Harlow & Harrar 1969),
and/or the county agricultural agent should be consulted to determine which of the
volunteer species is best suited for the area.

After the grass has been planted, a 1- or 2-year waiting period is recommended before
areas are selected for planting trees and shrubs. If the grass cover with its shallow roots
dies or fails to germinate because of the influx of gases from the landfill, it is nearly
certain that other deeper-rooted vegetation (trees and shrubs) will not thrive at these
locations.

The procedures presented so far represent the bare minimum required for establishing
plants on a completed landfill. As the funds for landfill and uses increase, the more
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sophisticated procedures described in the next section can be used for establishing grass,
shrubs and trees.

Because gas migration into the root zone will adversely affect the survival rate of
grass, shrubs, and trees, active extraction of gas from the refuse layers is recom-
mended. This procedure, while effective, is expensive. However, if the gas can be sold
for its heating value, the cost of the gas-extraction system may be recovered. If this
procedure is not practical, consider placing as barriers between the refuse and tree roots
to prevent gas migration. These procedures are covered in Steps B-2 and B-3
(Sections 3.2. and 3.3., respectively).

3. Vegetating landfills with adequate funds

3.1. Step B-I: constructing the landfill

Developing an end-use plan before construction or close of the landfill will increase
the likelihood that a successful vegetation programme can be implemented. Factors
to be considered in vegetating a former landfill include refuse age, type, depth and com-
paction; location of degradable or non-degradablc refuse, proportion of refuse to daily
soil cover; amount and type of final soil cover, surcharging of refuse with cover material;
area climate; final countouring (including maximum slope) and gas extraction.

3.1.1. Minimizing gas production

The amount of landfill gas produced dur ing refuse decomposition is generally related
to the amount of putrescible or volatile matenal deposited in the landfill, age and depth
of landfill, water infiltration, etc. (Emcon Associates 1980). To minimize gas production,
greater quantities of nonputrescibles can be included in the refuse or the ratio of daily
cover to landfilled refuse can be increased.

Placing nonputrescibles (glass, plastics, metals, rubber, concrete, etc.) in specific
areas to create nonbiodegradable refuse islands may allow plants to grow in areas relatively
free of landfill gases. Such a step may also facilitate more efficient resource recovery
in the future. Gases may migrate into these zones from areas containing decomposable
material, but grass, shrubs, and trees should grow better above these islands.

3.1.2. Minimizing surface settlement

Surface settlement may have to be minimized in some areas so that irrigation lines can
be installed and maintained to support trees and shrubs. Islands of nonputrescible refuse
have minimum surface settlement and can generally support irrigation lines without
the constant maintenance required in the areas containing putrescible refuse, where
frequent breaks arc caused by uneven settlement. Later surface settlement can also be
minimized by surcharging the refuse with the soil that will be used as cover matenal
or by filling the area with shredded or baled refuse.

3.1.3. Final contouring

Evidence indicates that slopes steeper than 3:1 (horizontal:vertical) inhibit soil
stabilization by promoting soil erosion and hindering vegetative establisnment.
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3,2. Srep 5-2: extracting gas

The most successful landfill-to-park conversions in the coming years will incorporate
a gas extraction system in the landfill to reduce the volume of gases escaping into the
final soil cover and inhibiting root growth. These systems will be compatible with gas
recover)' operations and may eventually pay for a portion of park construction and
maintenance requirements.

3.2.1. Induced exhaust systems

Induced exhaust systems can aid plant growth by reducing the quantity and pressure
of landfill-generated gas. The economic value of such a system could end before gas
generation ceases, however, and any sudden increase in soil gas content would
probably cause severe plant stress.

Patterns of gas contamination may be seen. Methane and C02 can migrate from
the refuse layers into the cover soil, though such contamination is not uniform over
the landfill she. Some areas will contain relatively high CO, (up to 25%) and CH*
(up to 40%) and consequently have low O2 contents (less than 6%) but some areas
may be influenced very little by the underlying refuse.

3.2.2. Effect of climate on gas production

Site visits to some 60 completed landfills within nine major climatic regions of the U.S.A.
generally revealed a high negative correlation between plant growth and concentrations
of methane and/or carbon dioxide in the root atmosphere (Flower et al. 1978). Landfill
gas production and vegetation damage varied little among the climatic regions,
except that the arid southwest (Arizona) had somewhat lower gas concentrations.

3.3. Step B-3: selecting gas barriers

Even with a commercial gas extraction system in operation, special precautions should
be taken when planting trees and shrubs. The best procedure would be to cover the
entire landfill with an impervious soil layer (Lutton 1980) or synthetic membrane to
keep gases from entering the nnaJ cover soil. The barrier would also prevent water
from infiltrating into the refuse and producing leachate Gas barriers should at least
be installed beneath tree and shrub areas.

A variety of barriers are currently available to control gas migration. A 30-60 cm
layer of impermeable clay over the final refuse layer followed by at least 60 cm of fertile
soil provides an effective barrier and is known as the mound system. Other successful
barriers include polyvinyl chloride, hypalon and other membrane sheeting (greater than
0.5 mm. 20 mils, thick) (Matrccon 1980). Sand layers above and below the membranes
provide physical protection during installation. Bentonite has also been effectively used
to prevent gas migration into tree and grass root zones. Another effective system is
the trench barrier system (a modification of the mound system), which may be useful
when soil mounds are not desirable in an area. This system (Fig. 1) has been successful
on a small scale (3 * 4 m) (Leone et al. 1979) but it would be preferable to secure
a barrier all the way to the soil surface to avoid contact of the cover soil with wastes
and laterally migrating gases.

A method suitable for planting trees and shrubs in planting islands and parking lots
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Fig. I. Trench barrier system for small planters. Vent pipes should be spaced no more than 1 m apart.

involves construction of a saucer lined with an impermeable polymeric membrane and
drained by an open U-tube at the bottom of the saucer.

The success of any gas barrier depends on maintaining its integrity. Cracks or breaks
in the barrier may result from refuse settling, which may continue for scores of years.
Thus gas may migrate into previously uncontaminated areas, and areas containing gas
may become free of it.

3.4. Step 3-4: selecting cover soil

Successful revegetation depends greatly on the final cover soil, which can be costly and
difficult to find. Final layers of cover soil should be selected according to the
following criteria.

Select a soil with a texture closest to loam for areas containing trees and shrubs.
This soil should be tested for the constituents listed in Step A-3 (Section 2.3.).
Five composite samples consisting of five subsamples each (Step A-4, Section
2.4.), should be sent to a certified soil testing laboratory. More samples will be needed
if a variety of soils are to be used for the cover. Soil should be tested before it is sent
to the site since it is relatively easy to amend before or during spreading.

3.5. Step B-5: spreading cover soil

Clay soil layers should be over the final refuse layers according to recommendations
made by Lutton (1982). The clay barrier layer should be compacted to 90% of
maximum dry density according to five- or 15-blow compaction tests. Additional soil
for supporting vegetation should be spread as described below.

Actual placement of cover soil is critical. To avoid compaction, which can
restrict root growth and contribute to surface water ponding, the following steps should
be taken: (1) mix organic matter with the soil before spreading, (2) spread soil when
it is dry and (3) use earlh-moving machinery other than the normal earthscraper.
Dragline excavators, bucket-wheel excavators, forward-acting shovels, and bulldozers
have been proposed but may be more costly (McRae 1979).

If several different soils will be used in the final 60-90 cm of cover, they should be
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mixed together and spread them as units to promote less overall compaction, increased
water movement, and better root growth.

If soil must be spread conventionally and bulk densities exceed 1.7-1.8 g cm"3 one
of several procedures is used to mitigate this effect. Subsoiling or deep time ripping
can be used bui are not completely effective.

Organic amendments should be made before the cover is spread. They will improve
the physical, chemical and biological properties of most cover soils. Organic materials
include humus, peat moss, manure, crop residues, food wastes, logging wastes,
industrial organics, leaf compost, composted sewage sludge or refuse compost. A soil
bulk density of 1.2-1.4 g~' cm"1 is desirable, depending on soil texture. Higher
density can generally be tolerated in a coarser soil. Gypsum, perlite or vermiculite may
also be disced or chiseled into the existing soil at the time the cover is spread.

Physical soil properties can be improved by establishing a grass or ground cover for
several years before planting trees and shrubs.

3.6. Step B-6: determining soil depth

Bohm (1979) reports that 60-80% of tree roots volume in the forest occurs in the top
20 cm of mineral soil and that most of the fine feeder roots are in the top several centi-
metres. Roots are likely to be somewhat deeper in more open situations such as parks
and golf courses. The remaining portions of the root system are located at varying
depths from 20-90 cm, depending on species and soil. Thus the planner should consider
spreading 90 cm of soil in those areas where trees are to be planted, as described in
Step A-2 (Section 2.2.).

3.7. Step B-7: locating areas unsuitedfor tree and shrub growth

Possible indicators of potentially poor growth sites are dead or no vegetation, anaerobic
soil, high soil temperatures, thin cover soil and settled areas.

3.7.1. Areas without plant growth

Areas with dead or no plant growth are likely to have high COj and CH4 con-
centrations and elevated soil temperatures. Such obviously barren areas should be
avoided when selecting sites for trees and shrubs.

3.7.2. Anaerobic soils

Vegetation will die if the soil becomes contaminated with the gases of anaerobic de-
composition, a situation that may occur only after plants have been well established.
To check for anaerobic conditions, direct gas measurements should be made, the soil's
physical characteristics should be examined and certain soil tests should be per-
formed.

Direct gas measurements should be made at depths of 30. 60 and 90 cm with an
explosimeter (often used by utility companies looking for gas line leaks). Planting is
not recommended if any combustible gases are present. Carbon dioxide and O2 con-
tents of the root zone should also be measured from bar holes with Bacharach
Fyrite or other CO; and Oj indicators. A high CO, content is toxic to plants and
indicates that soils may be anaerobic at times. Even though an area has low combustible
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gas readings, differential settling and varying gas production rates may saturate an area
that was once free of gases or vice versa.

Physical examination of soils with anaerobic conditions can reveal unpleasant
odors and darker, damper and more clay-like (less friable) characteristics than aerobic
soils.

Tests of anaerobic soils will reveal generally higher amounts of ammonium-
nitrogen and available managanese. Available Fe and Zn may also be considerably higher
in soils that have been anaerobic for an extended period.

3.7.3. High soil temperatures, thin soil cover, and settled areas

Temperatures in anaerobic soils are frequently higher than in aerobic soil—from a degree
or two to 20 or 30"C in extreme cases. The cause is undetermined, but high temperatures
may result from microbial activity, chemical reactions, or underground fires.

The amount and quality of soil covering the refuse is frequently inadequate to support
vegetation. Such deficiencies may be corrected as outline in Steps A-2, A-4, B-4, and
B-6 (Sections 2.2., 2.4., 3.4 and 3.6., respectively).

Settled areas may hinder plant growth because of pooled water in low areas, or they
may encourage vegetation in dry areas because of increased soil moisture. Loss of soil
refuse through decomposition creates an undulating surface that causes such conditions
and may be unacceptable for some uses such as farming or golf courses.

3.8. Step B-8: selecting tree and shrub material

The end use for the completed landfill must be known before plant species are selected.
Plants should be adaptable to the area and commercially available there. Refuse quality,
quantity, age and depth must also be considered along with climate, since these factors
interact to form widely different environmental stresses and gas production rates.

Despite these varying factors, trees and shrubs grown successfully.on completed land-
fill sites have a variety of common characteristics (Flower et at. 1981, Giiman ei al.
1981). Factors that must be considered include growth rate, tree size, rooting depth,
flood tolerance, mycorrhizai fungi and pathological considerations.

3.8.1. Slow versus rapid-growing species

Evidence indicates that slow-growing trees are more tolerant to landfill conditions than
rapid growing species. Fast growers generally draw more moisture from the soil and
therefore require more irrigation. But faster-growing trees may be more desirable with
their more quickly produced vegetative cover, and they will produce more total growth
on a landfill than slow growers if they arc irrigated during the first 3 years. Growth
rates of various U.S. trees are listed in Table 2. More complete lists are available in
Pirone (1978) and Powells (1985).

3.8.2. Small versus large plants

Trees planted when small (1 m tall) show significantly better growth on land-
fills than do those of the same species planted when taller than 2 m, regardless of species.
A small tree can adapt its root system to the adverse environment in the cover soil
by producing roots close to the surface and away from high gas conditions. By the



I'.hK "f- 14

76 £. f. Oilman el al.

TABLE 2
Some slow, moderate and rapid growing tree species found in the U.S.A.

Slow Moderate Rapid

Serviccberry Litileleaf European linden Summershade Norway maple
Sargem cherry European while birch Shadcmaster thomiess
European hornbeam October glory red maple honey locust ̂
Yellow-wood Kentucky coffee-tree Sawtooth oak \
Ginkgo Hackberry Hybrid poplar — — ''
Flowering dogwood Kwanzan Japanese flowering Willow oak „ — '"'

cherry Tree of heaven /'
Silver linden /

time the large trees adjust to the landfill, smaller trees may equal or surpass them. Where
trees taller than 1.5 m must be planted, it should be done on a raised bed to provide
adequate uncontaminated depth for already developed roots. Larger plant material can
be used only iflandfill gas is kept from the root system and the plants arc well irrigated.

7
3.8.3. Volunteer species" .

Volunteer tree species have not been specifically studied on landfills, but they are ^F
generally very adaptable to poor soil conditions and are often the best species for estab-
lishing trees in a low public use area of a landfill.

3.8.4. Natural rooting depth

Trees and shrubs that enjoy shallow root systems are significantly more adaptable to
landfills than species requiring a much depper root system (Table 3). The deeper roots
are subjected to higher landfill gas concentrations and lower oxygen levels. Some species
can avoid th is adverse environment by producing a shallow root system. Several texts
show the natural rooting depth of woody species (Powells 1965; Harlov. &. Harrar 1969),
but these lists are incomplete.

The fact that trees on landfills generally develop shallower roots than nonlandfill trees
emphasizes the need for frequent irrigation of landfill soils planted with woody vegetation,
especially if the gas is not extracted from the refuse. If landfill gas is kept out of the
cover soil, roots should be able to grow deeper. Landfill cover soils also need irrigation
because they do not maintain as high a moisture content as soils off the landfill.

TABLE 3
Vertical distribution of tree roots in landfill and non-landfill soil*

Average depth (cm)

Species On landfill Off landfill

Japanese black pine 1 9 ^^
Norway sprue: 5 4 ^^
Hybrid poplar cuttings 6 13
Honey locust 8 17
Green ash 9 15
Hybrid poplar saplings 9 13

"Species al top of list were more adapted lo the landfill than those al (he bouom (Oilman ei al. 1981).

3.8.5. Flo- ' >o

Our field >^a
to those impost
on a landfill. '
supplied with ;
readily availab

]S'

3.8.6. Plant siz

Trees that ar
(30-60 cm), if
Large trees un
Some small tre

Common name

^ Upright Europe;
Serviceberry
Hawthorn
Goldentrain tree
Flowering dogw<
Kwanzan cherry
Black chokechen
Common chokec
American elder
Sawtooth oc1*
Osage-orgr
Crabapple _/
Virginia pine
Eastern red ceda

3.8.7. Micorrhi

Mycorrhizal fu
take by the
reclamation of
has been tested
cover soil (Tels
both forms of
more suited to
planting to ir
relationship.

9
3.8.8. Paiholog

Selection of vej
diseases or msec
valuable practic



Vtgeiatian planting procedures Jor saiiiiary landfills 77

U.S.A.

le Norway maple
r [hornless
it
in
,ar

;en

them. Where
d bed to provide
•lane material can

-a well irrigated.

ils, they are
estab-

ore adaptable to
The deeper roots
els. Some species
em. Several texts
/ & Harrar 1969),

i nonlandfill trees
/oody vegetation,
5 kept out of the
10 need irrigation
the landfill.

oil*

Off landfiil

9~
4

13

(-<*

(if

3.8.5. flood tolerance

Our field data show that changes produced by landfill gases in cover soils are similar
to those imposed by the flooding of soils, except that the high moisture content is lacking
on a landfill. Thus flood-resistant species may do well on landfills only if they are
supplied with adequate water. Dry-site species should be planted if wacer will not be
readily available.

3.8.6. Plant size at maturity

Trees that are small at maturity should be chosen if cover soils are shallow
(30-60 cm), if gas is not extracted from the fill, or if a gas barrier is not installed.
Large trees under such conditions run a higher nsk of toppling during high winds.
Some small trees and shrubs are listed in Table 4.

TABLE 4
Some small trees and shrubs (less than 9 m tall at maturity)

Common name Latin name

Upright European hornbeam
i Service berry
, Hawthorn

Goldentrain tree
• Flowering dogwood

Kwanzan cherry
.Black chokecherry
Common chokecherry

. American elder
Sawtooth oak

.Osage-organc
. Crabapple

Virginia pine
. Eastern red cedar

Carpinus Berului f. fastigiaia
Amelanchier spp.
Crataegus spp.
Voelreuteria pamculaia
Cornus Jiorida
Prunus serruJata "Kwanzan"
Aroma melanocarpa
Prunus virginiana
Sambucus canadensis
Quercus acutissima
Madura pomifera
Malus spp.
Pinus virginiana
Juniperus virginiana

-ilman et al. 1981)

3.8.7. Micorrhizal fungi

Mycorrhizal fungi associated with plant roots greatly increase water and nutrient up-
take by the plants. This symbiotic association has been successfully used in
reclamation of coal strip mines and dump sites. Spore- and mycelium-inoculated soil
has been tested for its ability to promote mycelium development on trees in landfill
cover soil (Tclson. Leone &. Flow 1980, pers. comm.). Limited experiments show that
both forms of inoculation may be used, but that the spore inoculum appears to be
more suited to high gas areas. The roots may be inoculated directly just before
planting to increase the likelihood of establishing the beneficial mycorrhiza!
relationship.

3.8.8. Pathological considerations

Selection of vegetation should always be based on its ability to withstand attack by
diseases or insects. The county agricultural agent or soil conservation service can provide
valuable practical information in this regard.
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3.9 Step B-9: planting and maintaining vegetation

Trees and shrubs survive best if planted in early spring or fall. The Extension Service
or Soil Conservation Service can identify which planting time is best for a specific area
and species. Planting should not be done during the summer. Plants purchased from
a nursery and delivered to the site should be planted as soon as possible. Bare-rooted
material can dry out in a matter of minutes if left in the sun. Balled or burlapped material
can be left for some time longer, but if must be irrigated within a day or two, depend-
ing on the weather conditions. One person should not be scheduled to plant too many
trees in one day. The work load should be scheduled so that only the trees that can
be planted in a day are present on the site. In the long run, it may be more desirable
to schedule a pick-up or delivery on the same day, arrangements should be made for
storing the plants in a shaded, preferably cool indoor environment free from wind.
Regardless of how the plants are stored or how soon after delivery they are put into
the ground, an irrigation truck or other water-supplying vehicle should be made
available to deliver 20-30 1 of water to each tree at the time of planting.

A planting hole about twice as wide as the root mass diameter and up to 15 cm
deeper than the deepest root is well suited for trees and shrubs. Care should be taken
to avoid compacting the sides of the planting hole; such a step might promote prolific
root growth inside the original hole but inhibit root penetration into the surrounding
soil.

Some of the original cover soil should be mixed with some loamy textured material
(preferably a highly organic soil) and enough of it spread in the bottom of the hole
to make a 15 cm deep layer (a 50:50 mixture is a desirable combination). The main
stem of the tree or shrub should be and fill in around the root system until the hole
is half filled. The soil is gently pressed down with the sole of the shoe but is not
packed down. During the backfilling process, the roots must be relocated so that their
depth is equal to their original depth in the nursery. The latter can usually be deter-
mined by letting the roots hang freely before planting. The roots must not all be com-
pacted ai the bottom of the hole, they must be spread out as much as possible. At
this point, the soil should be watered so that the entire roc: system has been
moistened. This step may take 5-30 1, depending on tree size. When the water has all
soaked into the soil, the rest of the hole is filled with the soil mix and the soil gently
pressed down with the foot. A ridge is formed around the stem with an inside diameter
about equal to the extent of the root system. This well is filled with water. These simple
procedures will retain all possible moisture from rainfall and irrigation and help trees
survive through the most critical first season. Mulching with wood chips, bark, sawdust,
grass clippings, plant debris or many other materials can help control water loss by
reducing weed growth and evaporation from the soil surface around the trees.

The principles set forth above for planting small, bare-rooted trees generally hold
for planting older, larger, balled-and-burlappcd specimens. We do not recommend plant-
ing trees older than 2-3 years or. as mentioned earlier, taller than 1.0-1.5 m with root
systems 15 cm or more below the soil surface unless specific provisions for preventing
gas migration into the root zone have been implemented and the soil is at least 90
cm deep. If it is impossible to obtain small seedlings for planting, more water must
be provided at the time of planting and during subsequent irrigation periods to saturate
the soil around the root system. Also, each of the trees must be supported with at
least two stakes and preferably three.

The principles of maintaining plant material on completed landfill sites are no different
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from those for nonlandfill areas, except that additional irrigation is required. Soil with
a low nutrient status must be fertilized, and soils with the wrong pH (below 5.5 and
above 7.0) must be limed or acidified to desirable limits. The pH and nutrient levels
in the soils should be tested periodically (every 2-3 years) after planting. Fall is the
best season for such testing so that any necessary soil application can be made in early
spring. The county agricultural agent and Step A-4 (Section 2.4.) can provide information
on proper soil sampling methods and interpretation of the test results.

Irrigation is an extremely important requirement for establishing and maintaining
healthy plant material on former sanitary landfills, particularly during the first 2-3 years
after planting. After this time, roots may have been established a large enough system
to wi thstand modera te drought periods; but irrigation should be practiced during extended
hot, humid weather even for large, established trees. This additional watering is needed
because of the shallow roots close to the landfill soil surface where there is little
available soil moisture during extended dry periods. In-ground irrigation systems require
continual repair, since settlement is likely to cause frequent breaks in the pipes and
thus increase maintenance costs. Various above-ground, expandable-joint irrigation
systems are available.

Plants should be protected from disuse and insect infestations and damaging animals.
Check with the county agricultural agent and nurserymen to see if the selected species
are susceptible to attack. Some species are particularly vulnerable to winter desiccation.
The county agent can recommend procedures for overcoming this problem. Excellent
instructions for tree maintenance are provided by Pironc (1978).

4. Conclusions

Closing and converting a landfill for useful purposes can be accomplished with either
limited or adequate funds. A successful stand of vegetation can be achieved on sites
where plant growth has been traditionally difficult or impossible to maintain. The
ability to convert sites for recreational and aesthetic purposes is growing in
importance as more and more landfills arc completed and abandoned.
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loss) indicates a considerable difference in pore size
for each phase and suggests that different levels of
structural organization are involved. This possibly
suggests a basic soil unit composed of many randomly
oriented quasi-crystals. Structural phase pores exist
between these units and residual phase pores within
the units. A similar model has been proposed by A. V.
Blackmore (personal communication) and by B. P.
Warkenun (personal communication). Certainly any
structural model proposed for these soils must satisfy
this basic organizational requirement.
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Soil Shrinkage Relationships of Texas Vertisols: II. Large Cores1

D. F. YULE AND J. T. RITCHIE*

ABSTRACT
Although soil shrinkage in the field ha* been related to

water content changes, this relationship bai not been cor-
related with small core measuremenu or defined in terms of
structural and shrinkage water lots phases. Since field mea-
surements are limited by the accuracy of the water content
determination, undisturbed cores (73 cm diam and 140 on long)
from the eight Veniiols studied previously were studied to ac-
curately measure water loss (by weighing). Sorghum plants
were established, and • single drying cyde was studied. Vertical
shrinkage wai measured at the surface and at the 15-, S5-, 55-,
95-, and 115-on depth*, and the water content profile was
measured with neutron moisture and gamma density probes.
These data were interpreted in terms of the shrinkage pattern
found in the cores and with the use of small core data obtained
by Yule and Ritchie. (1980).

Although the water loss data were confounded by large soil
evaporation from shrinkage craclu at the side of the cores, the
evidence suggested that the shrinkage response was a combina-
tion of structural and shrinkage water loss phases. Consequently,
the shrinkage curve for the soil surface asymptotically ap-
proached the theoretical eouidimeniional, normal curve. Shrink-
age curves with profile depth tended to parallel the soil sur-
face curve. The water content profiles obtained were not pre-
cise, but shrinkage parameten calculated for various depth

increments resembled the small care data obtained previously.
The remits showed that small core data could be nsed to
predict Geld shrinkage responses if field soil water content
profiles are known.

Additional Index Words: bulk density, monunoriHonite, soil
water content.
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10-CM CORE EXPERIMENTS (Yule, and Ritchie,
JL 1980) have confirmed the importance of struc-
tural and shrinkage water loss phases to the shrinkage
behavior of Vertisols at typical field water contents.
Few attempts have been made to relate field behavior
to these two water loss phases or to use small core data
to predict field behavior.

Although it is relatively easy to measure the vertical
movement of the soil surface in the field, accurate mea-
surement of volumetric water content change is par-
ticularly different because of the effects of cracks.
Aitchinson and Richards 11965) suggested that the
fractional change of vertical dimension may well be
the most valid measure of water cont<mt change in
heavy clay soils. However, vertical shrinkage is re-
lated to water loss only during the shrinkage water
loss phase, and any structural water loss occurring in
the field would not be measured by this procedure.

Many field measurements have shown that the ratio
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of vertical shrinkage to water loss is 0.33 or less (Wood-
ruff, 1936; Aitchison and Holmes, 1953; Jamison and
Thompson, 1967; Yaalon and Kalmar, 1972). Since
this ratio for the equidimensional, normal shrinkage
water loss phase is greater than 0.33 (Yule and Rit-
chie, 1980), field data suggest that most water loss oc-
curs in the shrinkage phase with some structural wa-
ter loss, and, possibly, some residual water loss near
the soil surface. However, the precision of the field
measurements is not sufficient to delineate the amount
of structural water loss.

By comparison. Fox (1964), Swartz (1966), and
Bcrndt ana Coughlan (1976) fit data from bulk density
sampling at high water contents to a unidimensional
relationship (as defined by Fox, 1964). Based on small
core measurements, Berndt and Coughlan (1976) sug-
gested that the field relationship may be an artifact
of the technique. It can be shown that the bulk
density-water content relationship for the soil units
between cracks is unidimensional when the soil as a
whole is in the equidimensional, normal shrinkage
phase, and this suggests that these workers preferen-
tially collected samples between cracks. Perroux et
al (1974) also found different shrinkage relationships
in the field and for cores in the laboratory.

The field behavior has neither been definitively de-
scribed nor related to small core measurements. This
experiment was designed to bridge the gap between
the small core and field studies by using large, undis-
turbed cores.

MATERIALS AND METHODS

Soil Sampling
Undisturbed cores 73 cm in diam and 150 cm Ion; were col-

lected from the eight Venitoh by the method of Tackett et al.
(1965). No compaction was observed at the toil surface. Gen-
erally, the cores broke along tlickensides that extended obliquely
into the cylinder. The resulting holes were filled with gravel,
protruding soil was cue away, and a wooden base was attached.

Aluminum access tubes were installed in the center of each
core. Stainless steel rods 30 cm long and 0.6 cm in dUm were
inserted horizontally through slits in the cylinder wall at 15-,
30-, 55-, 95-, and 115-cm depths. The tliu were covered with
plastic strips.

Experimental Procedure
The cores were placed in a pit under a rainout shelter, and

sorghum plants were established in each core in late July 1977.
When the plants were at the 12-leaf stage, watering was stop-
ped, and soil shrinkage during the ensuing drying cycle was
measured. Nine positions were marked on the soil surface by
small, flat plastic strips placed in a cross pauern. The position
of these markers, relative to a bar placed across the top of the
cylinder, was measured with a meter rule to obtain vertical
shrinkage. The position of each side rod relative to the top of
the cylinder was measured with a steel tape to obtain the verti-
cal shrinkage within the core below that particular rod. Water
loss from the cores was measured with a load cell suspended
from a mobile derrick. The load cell was measured to the
nearest millivolt, equivalent to 0.45 kg. Weight losses were
converted to water use in centimeters using the internal cross
section of the cylinder (0.45-kg water use = 0.092cm water use).
No corrections were considered necessary for weight changes in
the plants. The shrinkage and weight measurements were made
every 2 to 4 days while the plants were actively growing and
at longer intervals thereafter.

The plants grew actively for about 25 days in all sites, except
site no. 7 (severe wilting was noted after 13 days) and sites no.
2 and 6 (active growth for about 20 days). During October and
November, the plants were dead, but measurements were con-
tinued at irregular intervals.

Neutron and Density Probe Data Interpretation
The volumetric water content (*,) and wet density (the mass

of soil and water per unit volume of soil, p,) were obtained
with neutron and gamma probes at about 6-day intervals during
active plant growth and twice after plant death. With the nieas-
ured shrinkage within the profile (from the side rods), these
data allowed calculation of the shrinkage curve for various depth
increments. :

The interpretation of the neutron and density probe data
is complicated in Vertisols by the bulk density-water content
relationship and by cracking near access tubes. In this exj>eri-
ment, a 2- to 3-cm wide crack developed between the core and
the cylinder. Small cracks formed around the access tube and
in the soil surface. If equidimensional, normal shrinkage is
assumed, the soil condition measured by the probes lies between
two limiting conditions: (i) all the cracks present were mea-
sured (this is the field "soil" condition), and (ii) no crack*
occurred within the measured volume (this refers to the "clod"
between the cracks). Consequently, the "soil" volume is equal
to the "clod" volume plus the volume of cracks. Due to the ob-
served crack pattern,' the measured condition was probably
closer to the "clod" condition-

Since the volume of the "clod" decreases faster than the vol-
ume of the "soil" when water is lost, uid volumetric water
contents are based on the "soil" volume, water losses calculated
from the in situ measurements in the large cores are likely
to be underestimated. We used two methods to attempt to
overcome these errors.

Method 1—Since the gravimetric water content («,) is inde-
pendent of the volume considered, the calculated I, = »,/(/>.-*.)
is correct, provided *, and p, are determined on the same vol-
ume. Bulk density (B) and vertical shrinkage (Az) correspond-
to this «, were obtained from the small core data of Yule and
Ritchie (1980) and 8 (cm of water) was calculated for each in-
crement, as 6 = IJR(i — At) where i is the fully wet depth of
the increment,

Method 2—The density probe gave consistent readings during
the experiment, and, therefore, a computation based only on
the p, data was developed. The profile was partitioned accord-
ing to the initial position of the side rods, and the mean p.
for these increment! was obtained for each measurement date.
An equivalent mass of soil (m.) in each increment was calcu-
lated from the bulk density at the swelling limit (small core
data of Yule and Ritchie, 1980). Assuming equidimensional
shrinkage, we calculated the volume of this core (V,) on each
measurement date from the measured vertical movement of the
side rods (At). Since f, = (m, + m,)/(f.), the mass of water
in the increment (m,) was obtained, -This was converted to 6
cm of water using the initial cross-sectional area since this in-
cluded the area of any cracks present.

RESULTS AND DISCUSSION

The water loss of representative cores is shown in
Fig. 1 as a function of estimated cumulative potential
evapotranspiration (Ritchie, 1975). Typically the wa-
ter loss was proportional to the potential evapotrans-
piration during the period of active growth (sites no.
3 and 7, Fig. 1). This water loss phase was called
the transpiration phase. The average rate of water
loss .during the transpiration phase was 8.3 mm/day
(range 7.6-9.2 mm/day and was higher than the po-
tential evapotranspiration, presumably due to localized
advection.

The amounts of water lost during the transpiration
phase are listed in Table 1. If these data indicate
plant-available water, the general trend is consistent
with Yule and Ritchie (1980) except that the water
loss seems too high for site no. 1 and too low for site
no. 7.

The transpiration phase was followed by another
approximately linear phase with considerably de-
creased slope (sites no. 5 and 7, Fig. 1). This decrease
was noc due to a decrease in the potential evaportans-
piration rate. This phase was called the soil evapora-
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T

fig. 1—The water loss u * function ot potential evapotranspira.
tion. The last data point was collected on 27 November. The
water low phases are indicated for ilta no. S and 7. TP
= transpiration phase; SEP = toil evaporation phase.

tion phase because water loss was apparently domi-
nated by evaporation from the side of the core. The
average rate oE water loss was 3.8 mm/day (range 3.2-
4.8 mm/day). This rate is high for evaporation from
dry soil, but the crack between the core and the cylin-
der exposed up to seven times more soil surface. Prob-
ably an annulus of the core only 5 or 6 on wide was
affected, but such an annulus would contain about
25% of the core. Due to position, no measurements
except the core weight would be expected to respond
to such water loss. The duration of the soil evapo-
ration phase was at least 25 days (Fig. 1).

The contribution of the soil evaporation phase
during the transpiration phase is uncertain. The crack
between the core and the cylinder was developing;
plant transpiration dissipated most of the incoming
energy; and the plants provided considerable shade.
After midOctober, the sides of the cores were suffi-
ciently dry to limit evaporation, and the water loss
rates decreased (Fig. 1). •

Water loss at sites no. 2 and 6 was atypical due to
slow plant establishment and did not have the same
two-phase pattern (Fig. 1, site no. 2). Apparently,
plant-water use and soil evaporation were occurring
simultaneously at these sites.

Vertical Shrinkage

The mean vertical shrinkage for the nine surface
plates was calculated. The C.V. was < 10% during
most of the experiment and at the conclusion aver-
aged 3.7% over all sites (range 2.1-6.0%). This
amount of variability was comparable to that for the
10<m cores (Yule and Ritchie, 1980). The large cores
were apparently uniform even at the gilgai sites where
differences in soil properties were considerable within

Table 1—Water IOM during th> timpiratioa phaae.

Sita

20.0
18.S
1U
10.0
8.6

16.S

11 ID

CUMULATIVE MTta LOU em

Kg. 2—The relationship between the vertical shrinkage of the
core surface and the cumulative water loss. The franfpintioa
phase (Tf) Is narked. The cqnidimentioaaJ, normal curve it
drawn through the point at the end of the transpiration phase
for each site.

4 m (Yule and Ritchie, 1980). Vertical shrinkage mea-
sured near the core center and toward the side of
the core were similar. The shrinkage measurements
apparently did not reflect water losses from the side
of the core.

Typical vertical shrinkage curves are shown in Fig.
2. The data approached asymptotically the theoretical
curve in the transpiration phase and deviated increas-
ingly in the soil evaporation phase. During the trans-
piration phase, the structural water loss decreased and
the shrinkage water loss dominated as the theoretical
curve was approached. The deviation during the soil
evaporation phase occurred because the shrinkage mea-
surement did not respond to water loss from the side
of the core.

The trends in water loss with profile depth are in-
dicated in Fig. 3, which shows that the onset of verti-
cal shrinkage (and water use in the shrinkage phase)
occurred after greater cumulative water loss with in-
creasing profile lepth. This trend was very consistent
for all sites. Very little shrinkage watei was used be-

s
at

|

i

SITES
x SURFACE
O 11 em
+ Hem
" Mem
• Mom

11fe«

10 20
CUMULATIVE WATEft LOSS on

'I

.

Fig. 3 — The relationship between vertical shrinkage at several
depths within the core and the cnmolative water Ion. The
theoretical curve it drawn u in Fig. 2.
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Table 2—Large cor* water IOM paranetera during the
transpiration phas*.

Site

3
4
6
7
8

Structural
weterlMi

3.4
43
6.1
U
12

Shrinkage
wabrloee

16.1
12.2
13.9
6.7

13.1

Vertical

6.3
4.J
6.0
2J
4.6

low 115 cm (core depth was 134 cm) before the plants
were in severe stress. The plots for each depth were
reasonably parallel, which indicates that most of the
water in a zone was extracted before shrinkage water
was used from deeper zones.

Sites no. 2 and 6 did not show the strong asymptotic
trend toward the theoretical curve shown in Fig. 2
and 3. This is consistent with the previous observa-
tion that soil evaporation contributed simultaneously
with plant uptake at these sices.

Due to the problems described, it was difficult to
accurately parti don the water loss into structural and
shrinkage phases. However, this was attempted for
some sites (Table 2). These results were generally con-
sistent with the small core data except for small values
for site no. 7.

Neutron and Density Probe Results

Measured and calculated water loss and vertical
shrinkage for method 1 are compared in Table 3.
All sites, except no. 7, showed similar comparisons.
Reasonable agreement was found, but trends with time
were not always consistent, and large differences oc-
curred over short time periods. No consistent effect
of water loss mechanism was evident

Shrinkage curves for representative depth increments
are shown in Fig. 4. Although there was some scatter,
the plots were generally similar to equivalent plots
of Yule and Ritchie (I960). The volumetric water
content at the swelling limit was calculated. These
values agreed reasonably well with the equivalent data
from small cores (Table 4).

The water losses calculated by Method 2 are com-

4 6
CUMULATIVE WATER LOSS i

10

Kg. 4—Vertical ihrinkage at • function of water Ion (from
neutron data, Method I) for three deptht increments of the
large core*. The eqoidimeiuional, normal curve if plotted for
each increment.

TabJ* 3-Comparleon betw
and total vertical ahr

All data are rel

eratheeal
ilkagefey
iredviloa
Fercncedtc

Witerlou

Sit*

1

3

4

Date

3 Sept.
20 Sept
14 Oct.
27 Nov.

3 Sept.
20 Sept.
UOct.
27 Nov.

3 Sept.
20 Sept
UOct
27 Nov.

Calculi ted

4.6
18.3
24.7
25.2

10.9
18.S
24.1
26.1

6.0
12.8
24.0
23.)

MeiRind

7.7
17.3
24.7
27.7

6.2
16.0
22.1
24J

7.6
14.8
w.9
27.8

Inflated total •
Method l)aw
> at various til
>26Angn»t.

water IOM
Itb*
nea.

Vertical ihriokage

Calculated

1.4
6.2
7.1
7.1

2.9
4.7
6.6
7.0

2.1
4.3
7.9
8.0

Measured

1.6
4.1
6.6
6.4

2.9
5.2
7.0
7.7

2.1
4.2
6.4
7.1

pared to measured values in Table 5. The results are
better than those obtained with Method J, except for
site no. 3, where only the differences are consistent.
The calculated amount of water in the profile was
very sensitive to the values used for the initial bulk
density profile, which defined the mass of soil. Con-
sequently, the calculated water content profiles were
not consistent, and values obtained for the swelling
limit did not compare well with the small core data.
However, the general shape of the shrinkage curve re-
sembled that in Fig. 4.

In summary, the neutron and density probes gave
a reasonable indication of the profile distribution of
water content, and these methods of calculation over-

Table 4—The volumetric watar content at the (welling limit
calculated from Urge core and mail eon data

for aimllar depth ineramente.
SItel Slte3 Site 4

Small Large Small Large Small Large
Depth! con core con con core core

1 0.41
2 0.39
3 0.32

0.43
0.36
0.29

0.44
0:42

0.43
0.41

0.40 0.39
0.43 0.41
0.44 0.46

t Depth 1 u 10-20 cm for amaD core*, 16-36 em far largt core* depth 2 IB
40-60 em for email con*, 36-56 on for large cone; and depth 8 it 70-40
on far inallcorei, 66-96 cm for large eona.

TableB—Co rieonbeti the calculated total water low
vahieaatvariooetimee.(b? Method 2} aad the

Data art referenced to the atari of the drying cycle (26
Ang. f or aitta no. 3 and 4; 8 Sept. (or alte no. 6).

Water kua

Site

3

4

6

Date

3 Sept.
20 Sept.
UOct
27 Nov.

BSept
20 Sept.
UOct.
27 Nov.

20 Sept
140eL
27 Nov.

Cmlcuhuc

13.5
21.4
26.8
29.2

8.2
17.6
26.1
26.2

13.7
23.8
28.4

I Meuored

9.2
16.0
22.0
24.2

7.6
14.8
23.9
27.3

12.4
26.1
30.1
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came, at least in part, the problems associated with
soil shrinkage around the access tube. The data were
not sufficiently precise to allow determination of the
amount of structural water loss in various soil incre-
ments or to examine the effects of overburden (present
in the large cores but not in the small cores) on the
shrinkage curve.

CONCLUSIONS

The evidence suggested diat the large cores exhibited
very similar shrinkage behavior to the small cores.
Therefore, if the large cores are indeed representative
of field behavior, the small core data can be used to
predict field responses if the soil water contents in
the field are known.

Interpretation of field-surface, vertical shrinkage
measurements will be complicated by simultaneous
structural and shrinkage water loss occurring at dif-
ferent depths in the profile. Although eventually the
whole profile will reach the shrinkage water-loss phase,
this may not occur until most of the plant-available
water has been used. Consequently, empirical rela-
tionships may be needed to predict water losses ftnrn
surface-shrinkage measurements.
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Deficit, High-frequency Irrigation of Sugarbeets with the Line Source Technique1

D. E. MlLLZR AND AN N. HANG2

ABSTRACT
Studies were conducted on sandy and loam soils to determine

the effect of deficit, daily sprinkler irrigation on sugar produc-
tion from jugarbeeti (Beta vulgaru L.) using the line source
technique. With a loam (oil near the upper limit of available
water at the start of the irrigation season, daily sprinkler irriga-
tion rates of sugarbeeu were reduced to 35 to 50% of estimated
evapotranipiration (ET) rate* without reducing sugar yiekU.
On a sandy soil, sugar yields increased with irrigation rates up
to 100% estimated ET, the maximum rate applied.

Additional Index Words: evapotraospiration, fugar percent-
age, sprinkler irrigation, available water, soil water depletion.

Miller, D. E., and A. N. Hang. 1980. Deficit, high-frequency
irrigation of sugarbeets with the line source technique. Soil
Sci. Soc. Am. J. 44:1295-1298.

MANY IRRIGATION STUDIES have involved intermittent
irrigation with depletion of soil water to different

degrees between irrigations. Under such conditions,
Jensen and Erie (1971) concluded that sugarbeets
(Beta vulgaru L.) could be grown satisfactorily either
at high soil water levels, maintained by light, fre-
quent irrigations, or that 60 to 70% of the available

water could be depleted between irrigations. Kohl
and Gary (1969) found that the degree of water stress
indicated by afternoon wilting of sugarbeets did not
affect root yields. Ehlig and LeMert (1979) systemati-
cally overirrigated or underirrigated sugarbeets so that
the seasonal application ranged from 11% above to
23% below that needed to replace evapotranspiration
(ET), as measured with a lysimeter. Neither sugar con-
cent nor yield was affected by the irrigation treatments.

Fonken et al. (1974), using solid-set sprinklers, noted
that their irrigation intervals did not affect sugar
yields in Nebraska. In that area, where summer rain-
fall provides a substantial part of the water used by
plants, they found that water applications could be
about one third less chan peak ET rates without re-
ducing sugar yields. They emphasized the need to
start the irrigation season with a full or nearly full
soil water profile. Aarstad and Miller (1973) obtained

1 Contribution from Science and Education Administration,
USDA-AR, in cooperation with the College of Agriculture Re-
search Center, Washington State Univenity, Pullman, Scientific
Paper no. 5599 of the Tatter. Received 28 Apr. 1980. Approved
4 Aug. 1980.

'Soil Scientist. USDA-SEA-AR. and Assistant Agronomist,
WSU. Prosser, Washington 99350.
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ABSTRACT
Drought stress occurs on claypan soils because they restrict root

growth and water uptake. This research sought to determine If al-
falfa (Medicago saliva L.) planted with fescue (Fesluca amndinacea
Schreb.) would decrease penetration resistance of a daypan soil
enough to justify a regular rotation of the legume-grass mixture with
annual summer crops of maize (Zea mays L.) and soybean (Glyciite
max (L.) Merr.]. The study was carried out in southeast Kansas on
a Parsons silt loam (Mollic Albaqualf; fine, mixed, thermic), over-
lying clay (the claypan). Alfalfa + fescue were grown for 2 yr and
disked. Maize or soybean then was planted on these plots. Control
plots contained either maize or soybean for 3 yr. After 3 yr, pene-
tration resistance, bulk density, soil-water content, and root length
density were measured. Growing alfalfa + fescue had no effect on
the penetration resistance or bulk density of the soil. At the begin-
ning of the third year, plots previously planted with alfalfa + fescue
had less water in the claypan than continuous plots of maize or
soybean. Maize grown on continuous plots had more roots, was 03
m taller at tasseling, and had a greater yield (although still low due
to the dry summer) than maize grown on plots previously planted
with alfalfa + fescue. This increased growth was due partly to the
greater amount of water available in the continuous plots. Roots of
both maize and soybean penetrated the daypan to the maximum
depth of observation (1.35 m from the soil surface). Root length
densities in the claypan were greater for maize than for soybean.

Additional Index Words: Medicago tatira U, Festuca amuHuacta
Schreb., Zea mays L, Glycine max (L.) Merr., Alfalfa, Fescue, Maize,
Soybean, Penetration resistance, Soil-water content, Root length
density.

THE ABILITY of deep-rooted perennial legumes to
penetrate pans is well documented (Bowen, 1981).

Alfalfa, in particular, has great value as a soil-im-
proving crop, especially if a perennial grass is planted
with it. Alfalfa and grass can exploit the total soil en-
vironment more effectively than either one alone.
Grass roots tend to concentrate in the upper part of
the soil, whereas the alfalfa roots proliferate at greater
depths (Chamblee, 1972). Larson and Allmaras (1971)
state that rotation of annual crops with perennial
grasses and legumes alleviates soil compaction.

Alfalfa depletes the subsoil of water. Experiments
done near Manhattan, KS, in the 1920s and 1930s
showed that alfalfa used subsoil moisture-to a depth
of 7.6 m within 2 yr after seeding, and plots had to
be fallowed 2 to 4 yr or longer to restore, the deep
subsoil moisture (Duley, 1929; Duley and Metzger,
1932-1934; Grandfield, 1934-1936; Grandfield and
Metzger, 1936). More recently, in Australia, Smith
(1977) reported that yields of wheat (Triticum aesti-
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vum L.) were increased when it was grown after alfalfa.'
but only if moisture was not limiting. The results also
indicated that alfalfa was inappropriate in a rotation
under low moisture conditions. Despite this depletion
of subsoil moisture, annual crops are still grown after
alfalfa, because it is believed that deep-rooted alfalfa
should not interfere with the satisfactory production
of more shallow-rooted annual crops (Grandfield and
Throckmorton, 1945).

Our study focused on both the soil-improving abil-
ity of alfalfa and its water-extraction pattern. A clay-
pan, extending from 0.25 m to bedrock, underlies the
topsoil in southeastern Kansas. Even though this pan *
of the state receives an average yearly rainfall of 0.93 .£
m (Kansas State Board of Agric., 1985), drought stress ?
is a chronic problem, because the claypan restricts'root \
growth and water uptake. Maize and soybean are two v
of the most important annual summer crops grown in |
the area. The objective of this research was to deter-
mine if alfalfa planted with a grass (fescue) could de-f

crease penetration resistance of the soil to a degree
that justified a regular rotation of this mixture with
the annual summer crops. In addition, to measure
much subsoil moisture the alfalfa and fescue mix!
depleted, we quantified the water content in fields
maize or soybean, which had previously been plan'
with alfalfa and fescue, and compared it with the wai
content in fields with continuous maize or continuous!
soybean. Finally, we wanted to determine if roots
maize and soybean penetrated the claypan.

MATERIALS AND METHODS
The experiment was conducted for 3 yr (1982

1984) at the Southeast Kansas Exp. Stn., Parsons, KS.
topsoil at the station is a Parsons silt loam. The soil profile]
has the silt-loam (Ae) horizon, 0.25 m in depth, which ov-j
erlies an argillic (clay) Bt horizon extending to 2.0 m, where]
it is bound by a C horizon of soft sandstone. The clay ho-:
rizon is classified as a claypan (SSSA, 1987). Figure 1 shows <
the water content at different soil-water potentials for the)/
silt loam and the clay. .;

In 1982, 32 experimental plots, each measuring 6 m by 6
m, were established. The experiment was a randomized
complete block with eight treatments and four replications.
Figure 2 shows the plots. The area was level, and run-off
and run-on were not significant. On 31 Mar. 1982, before
planting, 16 plots were chiseled at a depth of 0.60 m with
three chisels 0.45 m apart The other 16 plots were not chis-
eled. Plots were not deeply chiseled in 1983 or 1984. In 1982
and 1983, one-half of the plots were planted with a mixture
of alfalfa ('Classic') and fescue ('Kentucky 31'), one-quarter
were planted with maize ('NC+59'), and one-quarter were
planted with soybean ('Essex'). On 29 Nov. 1983, the plots
with alfalfa and fescue were shallowly chiseled to a depth of
0.15 to 0.20 m to destroy the legume-grass stand. On 1 May
1984 all 32 plots were shallowly chiseled and disked. On »
May 1984 maize ('NC+90') was planted on plots that had
been in maize for two seasons and in half of the plots that
had been in alfalfa + fescue for two seasons. On 15 June,?.
1984, soybean (Essex) was planted in plots that had been in £
soybean for two seasons and in the other half of the plow Jij
that had been in alfalfa + fescue for two seasons. BefiT"'
planting, maize was fertilized with 134, 20, and 37 kg/ha1
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.'T
SOt WATER CONTENT (mS/iW)

0.1 0,2 03 0.4 05 0.6

Fit I. Water content of the experimental soil at different matric

* P, and K, respectively, and soybean was fertilized with
and 18 kg/ha of P and K, respectively.
(Table 1 shows temperature and rainfall during the years

CJfoe experiment (1982, 1983, 1984). The summer of 1982
had relatively normal temperatures and precipitation. The
wmmer of 1983 was hot and dry. The summer of 1 984 was

• dry with relatively normal temperatures (Nad. Oceanic and
. Atmosph. Admin., 1982, 1982-1984).
^In 1984 penetration resistance, soil-water content, and
number of roots were measured between 8 June (calendar
Dty 160) and 10 Aug. (Day 223) for maize and between 13
July (Day 195) and 21 Sept (Day 265) for soybean. Pene-
tntion-resistance measurements of the soil were made with
a hand-held penetrometer (Soiltest, Inc., Evanston, IL). The
penetrometer had a 60° included angle cone tip (base di-
ameter of 0.0063 m) and was forced manually into the soil
to the 0.150- and 0.450-m depths. Three samples per plot
were taken on each measurement day by the same person

Table 1. Monthly averages of rain and temperature daring the
experiment t

1982 1983 1984 30-yr avg.

Month R«la Temp. Rain Temp. Rain Temp. Rain Temp':

•C
Jin.
M>.
Mar.

&•May
June
Jnty

%5V-
Jet

1 fuNov.
*.
Dec.

64
-t
79
43
208
165
87
96
38
45
85
104

-3.1
0.1
8.7
12.2
19.3
20.9
27.1
26.6
21.4
14.1
7.3
4.1

27
42
122
200
125
130
18
39
57
224
76
21

0.8
3.3
6.9
9.2
16.4
22.2
26.7
28.6
20.8
14.5
8.5

-6.9

12
62
147
156
105
74
27
18
46
243
54
80

-3.0
4.7
5.4
11.7
17.3
24.6
25.8
26.3
20.1
14.2
6.8
4.4

31
34
76
95
132
122
93
87
115
88
65
42

0.4
3.6
8.4
15.0
19.8
24.5
27.4
26.6
22.3
16.3
8.6
3.1

from Nat. Oceanic and Atmoa. Admin. (1982; 1982-1984). The

t
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_ station was 160-m south of the experimental plots.

Fig. 2. Layout of the experimental plots.

to ensure consistency. Penetrometer measurements were ob-
tained as follows. A core 0.025 m in diameter was taken
with a Giddings probe (Giddings Machine Co., Fort Collins,
CO), to the 0.150-m depth, to eliminate friction unrelated
to penetration resistance, before forcing the penetrometer
into die soil. After the 0.150-m depth measurement was
made, an additional core, 0.025 m in diameter, taken with
the Giddings probe, was removed from the 0.150- to 0.450-
m depth. The penetration resistance of the soil at the 0.450-
m depth was then determined.

Soil-water content was determined, from a depth of 0.150
to 1.35 m in 0.150-m increments, by using a neutron atten-
uation probe (Model 3221, Troxler Electronic Lab., Inc., Re-
search Triangle Park, NC). The aluminum neutron-access
tubes were installed vertically with die Giddings probe, one
tube per plot Penetration-resistance and soil-water mea-
surements were taken at die same time.

Roots were counted with minirhizotrons, which are trans-
parent, plastic tubes inserted into the ground. They are used
to make nondestructive, economical, and rapid measure-
ments of root growth and distribution (Meyer and Barrs,
1985; Sanders and Brown, 1978; Upchurch and Ritchie,
1983). In our study, each minirhizotron was an extruded
acrylic tube (Cadillac Plastic and Chemical Co., Lexena, KS),
1.8 m in length, with an o.d. of 0.076 m and an i.d. of 0.070
m. Tubes were inserted into the soil at a 30° angle to die
vertical to minimize roots growing along the plastic tubes
(Bragg et al., 1983). The top 0.25 m of the minirhizotron
was aboveground and was protected between measurements
from debris and light with a capped sewer pipe. The bottom
of the minirhizotron was sealed with a rubber stopper. The
figures in this paper show die depth of roots vertically from
the soil surface. Each plot had three minirhizotrons inserted
in the same plant row containing the neutron attenuation
probe. The Giddings probe was used to install die minir-
hizotrons. The surface of each minirhizotron was etched in
a 0.050- by 0.050-m grid and then marked at different depths.
Roots were observed in each minirhizotron by using a top-
reflecting mirror illuminated with one 15-W Light bulb, which
was attached to a long rod and a dry-cell battery. The num-
ber of roots crossing each 0.050- by 0.050-m grid in each
tube was counted.

Root length density was determined by using die equation
of Melhuish and Lang (1969)

LT = 2n

where n = mean number of roots per unit area (no./m2)

. ' -r»
n .«•

L' ""'
-; am

£ t
t
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• MAIZE AFTER ALFALFA
+FESCUE

D CONTINUOUS MAIZE I 0.15m DEPTH I

8r=

160 180 200
DAY OF YEAR

220

Fig. 3. Penetration resistance at two depths in plots with continuous
maize for three seasons or with alfalfa + fescue for 2 yr followed
by maize for one season. Vertical ban show half the standard
deviation.

and LT — total probable mean length per unit volume (m/
m3). Since the area of each grid was 0.0025 m2 (0.050 by
0.050 m), root number was multiplied by 800 (2/0.0025) to
obtain the root length density (m/rn3).

On 13 July 1984 height of the maize was measured. Height
of soybean was not measured. On 20 July 1984 bulk dens-
ities were determined by taking one core per plot (67-mm
diam) to a depth of 1.05 m and slicing it at 150-mm inter-
vals. The samples were oven-dried for 48 h at 105 °C and
weighed. On 29 Sept. 1984 maize and soybean were har-
vested. Three rows per plot (0.76 m in each row) were taken
for yield data.

Results from the plots that were subsoiled and plots that
were not subsoiled were averaged together, because the sub-
soiling in March 1982 did not have significant effects on the
measurements taken in 1984. The lack of effect of subsoiling
agrees with previous results obtained at the Southeast Kan-
sas Exp. Stn. Breaking up the claypan by using mechanical
tillage has been unsuccessful because, after wetting, the soil
returns to its original condition (R.J. Johnson, 1982, per-
sonal communication). Lumping subsoiled and nonsub-
spiled plots resulted in eight replications per rotation. Least
significant differences (LSD, 0.05 level) were calculated for
the data.

12
o.or~

0.4

as

14

BULK DENSITY (Mfl/m3)

1.6 12 14

• MACE AFTER ALFALFA
+ FESCUE

Q CONTINUOUS MAIZE

16 18

• SOYBEAN AFTER ALFALFA
+ FESCUE

0 CONTINUOUS SOYBEAN

Fig. 5. Balk density at different depths. Left: Plots with continuous
maize for three seasons or with alfalfa + fescue for 2 yr followed
by maize for one season. Right: Plots with continuous soybean for
three seasons or with alfalfa + fescue for 2 yr followed by soybean
for one season. Vertical bars show half the standard deviation.

• SOYBEAN AFTER ALFALFA
+FESCUE .

D CONTINUOUS SOYBEAN

200 220 240
DAY OF YEAR

260

Fig. 4. Penetration resistance at two depths in plots with continual
soybean for three seasons or with alfalfa + fescue for 2 yr follow^
by soybean for one season. Vertical bars show half the standtri
deviation.

RESULTS AND DISCUSSION

Penetration Resistance and Balk Density

Both in the topsoil and claypan (0.15- and 0.45-m
depths), penetration resistance in plots that had
tinuous crops was similar to that in plots previ
containing alfalfa + fescue (Fig. 3, 4). Therefore, th'
alfalfa + fescue treatment had no measurable effec,
on decreasing the strength of the pan. Penetration nsj
sistance was generally higher in the topsoil than in the'
claypan, probably because the topsoil was usually drietf
although variation in soil texture between the topsoil
and claypan also could have caused differences (Ve;:<H

praskas, 1984). Bulk density in plots that had contin-
uous crops was similar to that in plots which previ-
ously had alfalfa -f fescue (Fig. 5). Thus, neither
penetration resistance nor bulk density was affected
by the grass-legume mixture.
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Fig. 6. Penetration resistance vs. soil-water content.
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Soil-water Content

•^penetration Resistance
There was an inverse correlation between penetra-

tion resistance and soil-water content for soybean but
not for maize (Fig. 6). For maize, penetration resis-
tance and soil-water content were not correlated. This
was probably due to rainfall. Measurements of pene-
tration resistance and soil-water content began for
maize on Day 160 (8 June), but they did not begin
until Day 195 (13 July) for soybean. From Day 160
through 195, 96 mm of rain fell. Between the time
that measurements of soybean began and measure-
ments of maize ceased (Day 195 through Day 223 or
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"t- 7. Soil-water content at different depths in plots with continuous
n*he for three seasons or with alfalfa + fescue for 2 yr followed
•> maize for one season. The LSDs are shown only for dates on
which significant differences occurred.

10 August), 11 mm of rain fell. During the rest of the
season, until measurements of soybeans ceased (Day
223 through Day 265 or 21 September), 49 mm of
rain fell. Soybean received less water during the sea-
son. The results suggested that the relation between
penetration resistance and soil-water content was
stronger when there was less rainfall than when there
was more rainfall.

Maize
On the first day of measurement (8 June 1984), there

was more water in the soil above 0.45 m and less water
below 0.45 m in the plots that had previously had
alfalfa + fescue than in plots that had previously had
only maize (Fig. 7). On the last day of measurement
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Fig. 8. Soil-water content at different depths in plots with continuous
soybean for three seasons or with alfalfa + fescue for 2 yr followed
by soybean for one season. For LSD, see legend to Fig. 7.
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(10 Aug. 1984), the upper part of the soil (above 0.75
m) that previously had alfalfa -f fescue was wetter
than the upper part of the soil with continuous maize.
The wetter soil at shallow depths suggested that the
alfalfa + fescue previously planted in the plots had
not extracted as much water from the topsoil as had
continuous maize. This agrees with data of Saini and
Chow (1982), who grew maize or alfalfa in wooden
boxes 0.75 m deep. At the 0.15-m depth, soil was drier
with maize than with alfalfa, but at the 0.60-m depth,
the soil was drier with the deep-rooted alfalfa than
with shallow-rooted maize.

Soybean

As with maize, initially (13 July 1984) there was
more water in the soil above 0.45 m and less water
below 0.45 m in the plots that had previously had
alfalfa + fescue than in plots that had previously had
only soybean (Fig. 8). At the end of the season (21
Sept. 1984), the upper part of the soil (above 0.90 m)
that previously had alfalfa -f fescue was wetter, except
for the top (0.15 m) measurement, than the upper part
of the soil with continuous soybean. The difference
between the 0.90- and 0.75-m depths for the wetter
part of the soil for soybean and maize, respectively,
might have been due to the different rooting patterns.
Maize had a greater root length density at all depths
compared to soybean (see next section).

Roots

Maize
Roots of maize grew into the claypan. After Day

174, continuous maize had more roots at all depths
down to 1.05 m than maize following alfalfa + fescue,
but significant differences occurred only at the depths
shown in Fig. 9 (note LSD values). Roots extended to
the bottom of the minirhizotron (1.35 m below the
soil surface), but below 1.05 m there were no signifi-
cant differences in root numbers between treatments.
The greater number of roots of continuous maize at
depths below 0.60 m, extending down to 0.90 m, agreed
with the greater water depletion (lower soil-water con-
tent) at these depths by continuous maize compared
with maize that followed alfalfa + fescue (Fig. 7). At
0.90 m and below, continuous maize also had more
roots than maize planted after alfalfa + fescue (Fig.
9). But the soil with continuous maize had a higher
water content than soil with alfalfa + fescue, followed
by maize (Fig. 7). Apparently, the roots of continuous
maize at these low depths were not extracting water.
Major water uptake appeared to be between 0.30 and
0.60 m, where differences between the water content
of continuous maize and maize followed by alfalfa +
fescue were greatest.

Root length density in the topsoil and claypan were
low. van Noordwijk and de Willigen (1979) assumed
that the root length density for plants, in general, var-
ied from 2000 to 50 000 m/m3. We measured root
length densities <2000 m/m3 for maize (Fig. 9). Brown
and Scott (1984) reported root length densities for
maize that varied from about 1000 to 40000 m/m3.
Root length density in our study was low for at least
two reasons. First, the claypan probably inhibited root

proliferation. Second, the summer of 1984
Also, root length density reported in the literal
pends upon methodology and different equation
used to calculate it (Melhuish and Lang, 1969;
church and Ritchie, 1983).
Soybean

Roots of soybean also grew into the claypan,
tending to the bottom of the minirhizotron. Ro^
length densities for soybean were low at all depths ajtf'
during the entire season (<1600 m/m3) (data not1]
shown). At no time did root length density of contiaf
uous soybean differ significantly from that of soybean
grown after alfalfa + fescue. Root length density
tended to be maximum at about podftll (Fig. 10).

Arya et al. (1975) found that root length densitia
of soybean varied from 700 to 50 000 m/m3. Brown
and his colleagues measured extensively the root length
density of soybean and found variations from 5 000
to 89 000 m/m3 (Brown and Scott, 1984; Brown et alJ
1985; Sanders and Brown, 1978, 1979). Root length
densities in our study fell below this range. The results
showed that in a dry year at Parsons, KS, root length
density of soybean was less than that of maize. Soy.j
bean was planted later than maize and started the sea-'
son with less total soil profile water (647 mm for aM
falfa + fescue treatment and 666 mm for continuous'
soybean) than did maize (660 mm for alfalfa + fescue!
treatment and 690 mm for continuous maize),
probably contributed to the poorer root growth of
bean compared to maize.
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Fig. 9. Root length density at different depths in plots with contin-
uous maize for three seasons or with alfalfa +• fescue for 2 P
followed by maize for one season. For LSD, see legend to Fig. ̂ •
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Growth

/yields in 1984 were low because of the below-nor-
nig] amounts of rain. Maize following alfalfa + fescue
•ad continuous maize yielded 0.63 and 1.47 Mg/ha,
respectively (significantly different at the 0.05 level).
Maize in 1984 following two seasons of alfalfa + fes-
cue was 0.30 m shorter in height at tasseling than con-
tinuous maize. Yields of soybean following alfalfa +
fescue (0.17 Mgyha) and continuous soybean (0.20 Mg/
ha) were not significantly different.

CONCLUSION

Alfalfa and fescue, grown for 2 yr (1982 and 1983)
on a soil with a 1.75-m claypan overlaid by a 0.25-m
silt-loam topsoil, had no effect on the penetration re-
sistance or bulk density of the soil in the third year
(1984) when maize and soybean were grown. At the
beginning of 1984 soil previously planted with alfalfa
•f fescue had more water in the topsoil and less water
in the claypan than soil planted continuously with
maize or soybean. This suggested that deep roots of
the alfalfa + fescue mixture had depleted soil mois-
ture at lower depths. Plots with continuous maize had
significantly more roots, taller plants, and yielded more
grain than did maize following alfalfa + fescue. Plots
with continuous soybean also yielded more grain than
did plots with soybean following alfalfa + fescue, but
the difference was not significant. The greater growth
of the continuously planted annual crops appeared to
« due, in part, to the greater amount of moisture

available in plots with continuous maize or continu-
ous soybean compared to plots previously planted with
alfalfa + fescue. The results were similar to those ob-
tained since the 1920s, which show that alfalfa de-

ROOT LENGTH DENSITY (m/m3)

_0 1600 3200
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§ 0.60
I
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0.90
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•SOYBEAN AFTER
ALFALFA + FESCUE

Q CONTINUOUS
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• • LSD Q

g-10. Root length density in 1984 at different depths in plots with
continuous soybean for three seasons or with alfalfa + fescue for
2 yr followed by soybean for one season. Measurements were taken
«< podfill.

pletes subsoil moisture and, in a dry environment,
should not be included in a rotation with annual crops.

Roots of both maize and soybean grew into the clay-
pan and penetrated to the maximum depth of obser-
vation (1.35 m from the soil surface). Root length
densities of maize were greater in the claypan than
those of soybean, suggesting that maize might be bet-
ter adapted to the claypan.
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Optimal Design of Field Experiments for Determination of Production Functions

J. M. H. HENDRICKX, P. J. WIERENGA,* AND N. S. URQUHART

ABSTRACT
A technique was needed to assess the optimal number and size of

experimental plots for detection of the shape of a production function
with confidence intervals of specified length. Therefore, an equation
was developed to evaluate the optimal number of replications and
the optimal plot size for field experiments with structured quanti-
tative treatments. Use of the equation is illustrated with experimen-
tal designs for determination of water production functions of trickle
irrigated chile peppers (Capsicum aaauum L-, var. New Mexico no.
6-4). Input variables for the equation are the variance, error degrees
of freedom, plot size of a previous experiment, dependency between
adjacent experimental plots of a previous experiment expressed in
a coefficient b, size of the difference to be detected, assurance with
which it is desired to detect the difference, and level of significance
to be used in a future experiment Application of the equation showed
that, for detection of small differences, optimization of the plot size
becomes important In our sample experiment we found that a four-
fold increase in experimental plot size decreased the total number
of plots from 156 to 42, but increased the total experimental area
by only 8%.

Additional Index Words: Trickle irrigation, Water use, Contrast
analysis, Chile peppers, Experimental design.

PRODUCTION FUNCTIONS usually are based on data
obtained from controlled field plot experiments.

In these experiments, plot size depends on many fac-
tors, including availability of land, labor, type of farm
machinery, irrigation system used, and costs. Statis-
tical considerations are equally important in deter-
mining plot size. Techniques to determine the optimal
number and size of experimental plots were presented
by Kempthorne (1952), Federer (1955), Cechran and
Cox (1957), Snedecor and Cochran (1978),. and Steel
and Torrie (1980). Unfortunately, these techniques are
not suited for experiments in which the treatments are
graded levels of quantitative treatments. Petersen
(1977) showed that pairwise multiple comparison pro-
cedures are seldom appropriate for experiments with
structured quantitative treatments, such as experi-
ments for determining crop production functions. In-
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stead, regression techniques or orthogonal contrasts
should be used.

Draper and Smith (1981) present general guidelines
for assessment of the optimal number of plots for ex-
periments with structured quantitative treatments used
for determination of production functions. No tech-
nique was found, however, to assess the optimal num-
ber and size of plots for detection of the shape of a
production function with confidence intervals of spec-
ified length, nor for detection of a difference between
the shapes of two production functions.

This paper presents a technique for evaluating the
optimal number and size of plots in experiments with
structured quantitative treatments. The technique is
illustrated with a water production function of trickle-
irrigated chile peppers.

THEORY
Relation between Plot Size and Plot Variance

Smith (1938) developed an empirical relationship be-
tween plot size and plot variance

where
s\ = variance of yield per unit area among plots of size

x units,
s], = variance of yield per unit area among plots having

unit area,
b = coefficient which indicates dependency between

plots, and
x =; number of unit plots in the plot under considera-

tion.
The limiting values of coefficient b are zero and one: if

the x units are identical (perfectly correlated) then b = 0,
and if the plot is composed of a random selection of x units,
b = I. The latter case gives the formula for the variance of
the mean of x independent units.

Contrasts

The use of contrasts in experiments is described by several
authors: Freund (1974), Little and Hills (1978), and Steel
and Torrie (1980). Consider aTresearch situation with k treat-
ments indexed by / = 1,2^... ,k and having population
means denoted by M,. Many interesting functions of the ft,-
such as MI - MJ, 0*2 + 2 M4 + Hs)/4, etc., can be expressed
by a linear combination of the form Zc, M,; typically, the c,
are taken to be integers. If Sc, = 0, the linear combination
is called a contrast because the absolute size of the M,'S add
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Soil Physical and Morphological Properties and
Root Growth

B.P. Singh and U.M. Sainju
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Soil provides (he physical space and the
resources lo support rool growth. The water
and miirients needed for the growth of both
roots and the aerial portions of the plant are
housed in soil pores. The size and distribution
nl pores in u soil determine its abi l i ty to store
and t ransmi t these entities to the roots. Other
phys ica l properties of soil, such as texture,
structure, temperature, aeration and water con-
tent, also influence root growth.

Roots elongate in the soil when rool pres-
sure exceeds soil mechanical impedance. Root
elongation is affected by the nature of the soil
profile. Roots proliferate in thebiopores made
b> soil fauna, such as earthworms, or in old
root channels made by previous crops. On the
other hand, a hardpun layer in the soil profile
or a high water table restricts root growth. Soil
management practices modify soil physical
properties and significantly impact root growth.
Tillage can alter soil porosity by loosening soil
panicles and breaking up aggregates. Heavy
machines used for tillage, harvesting, and other
cu l tu ra l practices can compress soil pores by
compacting the soil.

The purpose of this paper is to discuss the
various physical and morphological proper-
ties ot soil that influence root growth. Soil and
crop management practices that alter these
properties in relation to root growth are also
analyzed.

SOIL PHYSICAL PROPERTIES

Bulk density and porosity

I3ulk densi ty and porosity are interrelated.
As bulk density increases, total porosity de-
creases. Lateral or horizontal variation in bulk
density results from changes in soil texture,
structure, organic matter concentration and
management practices, whereas vertical varia-
tion is the result ot soil morphology. Seasonal
changes in hulk density can result from freez-
ing and thawing, raindrop impact, soil settling
and biological activities (Cassel. 1982).

Bulk density or porosity is altered by t i l l -
age. iralTic or the addition of organic matter.
Kusparet al.( 1991) obtained higher bulk den-
s i ty in the surface soil in no-ti l l than in chisel-
plow or ridge-ti l l system. Kasparet at. (1995)
found a bulk density of 1.36 Mg-m~ ' in traf-
f icked \s. 1.09 Mg-nr ! in nontraff icked
intemms. Taylor! I983)observed that 75% of

Received for publication 19 Dec. 1997. Accepted for
pu hliciilmn 13 Mar. 199K. The cost ot publishing Ihis
paper was defrayed in pan by the payment of page
charges Umler postal regulations, this paper there-
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inditiuc t h i s fact.
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the increase resulted from the first traffic pass,
although subsequent passes also increased bulk
density. Zhang el al. (1997) reported a nega-
tive linear relationship between the amount of
organic matter added and bulk density. Sainju
and Good (1993) observed lower bulk density
in the surface soil than in subsoil in an undis-
turbed forest because of the plant litter (or-
ganic matter) deposit on the surface.

Both high bulk density and low porosity
restrict root growth. Rosolem and Takahashi
(1996) reported a 10% and 50% decrease in
soybean \Glycine max (L.) Merr.] root growth
when the bulk density of u dark red Latosol
(70%. sand and 22% clay) was inc.-eased from
l.06Mg-m 'to 1.45and 1.69Mg-nr'. respec-
tively. Foil and Ralston (1967) found that root
growth of loblolly pine (Pinux ecliinata Mill .)
was severely restricted when bulk density was
>1.4 Mg-nr'. Shierlaw und Alston (1984) ob-
served that bulk density equal to or > 1.2 Mg-m '
reduced root growth in corn (Zea nia\.i L.)
seedlings. As soil bulk density increased, root
length decreased and rool diameter increased
in corn seedlings (Logsdon ct al.. 1987b) (Fig.
1). Sainju and Good (1993) found a negative
relationship between root length density and
bulk density and a positive relationship be-
tween root length density and porosity.

Aeration and water content

Soil should contain more than 10% air-
filled pores to maintain aeration (Box. 1996:
Grable and Siemer. 1968). Pores not filled
with water are filled with air. Intensity of
rooting is restricted by deficient aeration.
Gardner and Danielson (1964) found a high
correlation (;• = 0.998) between soil penetra-
tion by cotton (Gtasypium hirsiituni L.) roots
and percentage of aeration porosity. Root elon-
gation is more sensitive to oxygen diffusion
rate (ODR) than to oxygen concentration .When
ODR in the soil falls below 58 mg-nv'-s '.root
growth is restricted (Erickson and Van Doren.
1961). Compacted soil may have ODRs of<33
mg-ni :-s ' (Erickson. 1982). Therefore, in
compacted soil, even air-filied pore space > 10%
can limit rool growth. Asady et al. ( 1985)
reported that root penetration of compacted
layers decreased linearly as air-filled porosity
decreased from 30% to 0%.

Drought conditions result in deeper root
penetration and higher root distribution in the
subsoil than in the surface soil. Box el al.
(1989) found that drought decreased root counts
in corn by 37% in the 0- to 20-cm depth, but at
60-to 150-cm depth, root counts were 50 times
higher after an 18-d drought period in com-
parison with well-irrigated plants. Similarly,
plants growing on xeric and subxeric (dry)
sites have higher root densities than those

growing on mesic (moist) site (Kalisz el al..
1987: Parker and Van Lear. 1996; Sainju and
Good, 1993). However, soil drying increases
mechanical resistance and can restrict root
growth. On the other hand, soil wetting de-
creases interparticlc attraction and increases
particle mobility, which, in turn, decreases the
pressure needed for soil deformation (Bennie.
1996). Details of soil water effects on root
system is the topic of an accompanying paper
of this workshop proceedings.

Temperature

Temperature al the soil-atmosphere inter-
face controls soil temperature. However, it is
moderated by soil color, surface random rough-
ness, surface residue, and soil moisture con-
tent (Box. 1996). Soil temperature influences
root biomass (Voorhees et al.. 1981; Walker.
1969). elongation rate (Logsdon et al.. 1987b).
and rate of branching (Box. 1996). The matu-
ration zone occurs closer to root apex and root
orientation becomes horizontal at low tem-
peralure(Box. 1996). As temperature increases,
root angle from the vertical decreases
(Sheppard and Miller, 1977). Soil temperature
isdiscusscd comprehensively in another paper
of this workshop proceedings.

Organic matter

Besides supplying nutrients to plants, or-
ganic matter also improves soil physical con-
dition. It reduces bulk density, improves soil
aggregation and infiltration capacity, and in-
creases water-holding capacity. Soil contain-
ing adequate amounts of organic matter is less
prone to compaction (Zhang ct al.. 1997).
Unger and Kaspar (1994) reported that soil
organic matter promoted earthworm activity;
when organic matter was adequate, earthworms
burrowed to a depth of up to 2 m. thereby
forming macropores in the compacted soil.
Earthworm burrows increased water move-
ment und penetration of roots through other-
wise less amenable soil horizons.

Organic matter promotes root prolifera-
tion. Root density is greater in horizons of the
soil profile with higher organic matter accu-
mulation (Davis et al., 1983: Kalisz et al..
1987; St. John. 1983). Sainju and Kalisz( 1990)
observed that, in eastern Kentucky's undis-
turbed forest soils, there were more roots in
weathered coal seam (coal bloom) subsoil
horizons containing higherorganic matter con-
centrations than in adjacent colluvium hori-
zons at the same depth. Similarly, Sainju and
Good (1993) found higher root density in the
soil horizon that containeda higher concentra-
tion of organic matter than in the horizons
above and below it.
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Mechanical strength and impedance

Mechanical strength of a soil protects its
pure space from collapse under the overlying
weights. However, it also impedes root growth.
Roots must apply a force greater than the
mechanical strength of the soil matrix to elon-
gate. Mechanical impedance depends on ad-
hesive and cohesive forces of soil panicles,
that, in turn, depend on water content, texture,
porosity or bulk density. pore size distribution,
organic matter content, aggregate size, over-
burden pressure and degree of confinement,
exchangeable cations, degree of cementation,
orientation of soil panicles, and surface rough-
ness of sand panicles (Bennie, 1996). Soil
impedance increases from excessive animal
grazing, use of heavy farm and tillage equip-
ment, vehicular traffic, saturation of sandy
topsoil during flood irrigation, and settling of
soil panicles. As bulk density of soil changes
seasonally, mechanical impedance also
changes (Cassel. 1982).

After reviewing the literature, Unger and
Kaspar (1994) concluded that root growth of
most species slows considerably or completely

ceases at soil impedance above 2.0 MPa pen-
etromeler resistance. Root elongation rale or
root length varies inversely with, whereas
mean root diameter is directly proportional to,
mechanical impedance (Bennie and Krynauw,
1985; Greacen, 1986: Misra et al., I986b).
Mechanically impeded roots are shorter,
thicker, and more irregularly shaped than are
roots growing under low strength condition
(Dexter, 1986a, 1986b; Richards and Greacen.
1986). They also have significantly fewer sec-
ond- and third-order lateral roots (Sauerbeck
and Helal. 1986). Bennie and Burger (1981)
found that relative root length (root length per
pot/maximum root length) in maize, cotton,
wheat (Triticum aestivum L.). and groundnut
(A rachix hypngaea L.) decreased curvilinearly
with increasing soil strength (Fig. 2).

The relationship between soil impedance
and root growth has been described by Klepper
andRickman(!990)as:

(l/L)(dL/dt) = ())(P-Y-M)

where L isroot length (m), 0 is wall extensibil-
ity (S-1 MPa~'), P is turgor pressure of root

cells for extension (MPa). Y is the m i n i m u m
turgor pressure required forexpansion ( MPa).
and M is the resistance of soil to root penetra-
tion (MPa).

Dexter (1987) proposed the following ex-
ponential equation to describe the effect of
impedance on root elongation:

where R is the root elongation rale (m-d ').
R,,uv is the maximum root elongation at very
!owimpedance(m-d''),Q|>isihepeneirometei
resistance (MPa) and Q,,< is the penetrometer
pressure corresponding to (R/R,,,.,J = 0.5

The ability of roots to penetrate impeding
soil layers varies among plant species. Wolfe
et al. (1995) compared the root growth of
cabbage (Braxxica oleracea L. Capiiata group ).
cucumber (Cucumis saiivux L. ), snap bean
(Phaseolus vulgaris L. ). and sweet corn al lo\\
(<l MPa) and high (>2 MPa) penetromclei
resistance soil strengths. Root growth of all
species was slower in high strength ihHn in low
strength soil. However, the reduction ranged
from 43. 6% in sweet com to77.9</r in cucum-
ber. Winter wheat and sunflower (Helianilnix
annuus L.) roots can penetrate >2.0-m deplh
in Pullman series soil (fine, mixed, thermic
Torrertic Paleuslolls). while grain sorghum
\Sorghum bicnlttr (1..) Moenehl roots .ire
mostly confined to the upper 1.2 m (Eck and
Taylor. 1 969; Johnson and Davis, 1980; Jones.
1978). Elkins (1985) found that bahiagrnss
(Paspalum natantm Fluggc var. Pensacolai
roots penetrated soil layers thai were imper-
meable to cotton roots. Alfalfa (Medii-uRu
.uirimL.), sweet clover (Melilniux cilha Medik).
and guar [C\amopsix tetraifimiilohii (L . )
Taubenl roots also have the ab i l i ty u> pen-
etrate compact soil layers (Bowen, 1981 ).

Once a rool penetrates through the com-
pacted soil, it makes channels and macropotes
that facilitate subsequent rooting. Elkins cl al.
(1977) observed cotton root growth through
the compact soil horizon tor three consecutive
years when planted after bahiagrass.

SOIL MORPHOLOGICAL
PROPERTIES

Soil profile

Soil profile varies with location because of
the differential effects of various factors of
soil formation, such as parent material, veg-
etation, climate, and time. Not only does the
depth of a horizon in the profile change wi th in
a few meters, bul the physical, chemical and
biological properties of the soil also vary As
a result, root distribution differs with location.
Root development and distribution differ not
only among plant species (Kasperbaucr. 1990;
Klepper, 1992; McMichucl. 1990; Zobel.
1992). but also within species because ot the
differences in soil environmental conditions
where roots grow (Jung. 1978; Kasperbaucr.
1990). Some of these soil conditions are soil
structure, mineral stress, temperature, gases.
drainage, and availability of nu i r i en t s and
water. All or some of these conditions ma\
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interact with the genetic character of the plant
(Box, 1996). Root elongation and branching
may he extensive in a favorable environment,
whereas growth is substantially reduced in an
unfavorable environment (Hamblin, 1985).
These variations in soil environment and root
growth occur nol only from one soil layer to
another but also within a given layer (Box,
1996).

Root density usually decreases with depth
(Kalisz et al., 1987; Klepper and Rickman.
1990). The highest concentration of roots,
especially fine roots, occurs near the soil sur-
face where conditions are more favorable for
root growth. These layers are usually rich in
organic matter, nutrients, cation exchange ca-
pacity, and porosity, and low in bulk density
f Sainju and Good, 1993). Fine roots constitute
a large proportion of total root biomass and are
therefore important in water and nutrient ab-
sorption (Parker and Van Lear, 1996). On the
other hand, large roots, such as tap and sinker
roots, penetrate deeper into the profile to ac-
cess moisture when the surface layer dries, and
also to support aboveground plant biomass.
Kal isz e ta l . (1987). Sainju and Good (1993),
and Sainju and Kalisz (1990) found an expo-
nent ia l decline in root density with soil depth,
reflecting declining fertility, reduced organic
matter concentration, and decreasing aeration.

The presence of a hard layer, such as
fragipan.duripan.argil l ic or alluvial horizons,
wi th in a soil profile severely restricts root
growth. These layers are formed by settling of
sand and clay particles and cementation be-
tween them during soil formation. Such layers
can occur at any depth in the soil profile. Root
growth in these layers depends on water flux
and water content, as well as on the frequency
of cracks, planar voids, biopores, and packing
voids, and on pedal properties (Box, 1996).
Sainju and Good (1993) found reduced root
density in the B horizon of New Jersey Pineland
forest soils whenever a firm argillic layer was
present in this horizon. On the other hand,
when the B horizon was higher in nutrient

concentrations and cation exchange capacity
than adjacent horizons, it promoted greater
root density than layers immediately above
and below it.

Biopores

Biopores are formed by decaying plant
roots, mesofauna (such as earthworms), or
cracks within the horizon when the soil dries
during the drought condition. These pores are
usually filled with loose surface soil or decay-
ing organic matter or both, allowing easier
root penetration (Parker and Van Lear, 1996).
Soi Is in the biopores are often characterized by
enhanced fertility, and better aeration and
moisture conditions that promote vigorous
root growth (Lutz and Chandler, 1955; Van
Rees, 1984). In addition, biopores form as
avenues for water and air flow in heavy-lex-
tured subsoils that have restricted permeabil-
ity (Anderson and Bouma, 1976; Quinsberry
et al., 1993).

Parker and Van Lear (1996) reported that
there were 0 to 8 old root channels/m- soil
profile area in mature loblolly pine stands in
Piedmont soils, with size ranging from 69 to
105 cm2. They also noted that density of fine
roots in old root channels was 17 times as high
as in the adjacent soil matrix. Therefore, al-
though biopores constitute a small area of the
soil profile, they are important avenues for
root growth, especially in dense layers, be-
cause of the high concentration of roots in
them. Biopores often extend more deeply into
the soil than do cracks (Van Stiphout et al..
1987).

Soil-rock interface

Rocks may act as loci for water films that
promote root proliferation in the soil-rock
interface. They also may contain macropore
spaces from prior biological activity that al-
low root penetration. Parker and Van Lear
(1996) found that the number of rock-soil

interfaces were as high as !3/m: soil profile
area and that root density in the interface was
significantly higher than in the adjacent soil
matrix.

Water table

The presence of a shallow water table in the
soil profile restricts root growth unless roots
can grow in anaerobic conditions, and limits
the volume of the soil available for exploita-
tion by roots. In such a case, roots grow pro-
fusely above the water table (Gary. 1962;
Oliver 1978). Sainju and Good (1993) found
higher root density in the soil layer just above
the water table than in higher layers in pine-
oak lowland forests in New Jersey.

SOIL AND CROP MANAGEMENT
PRACTICES

Tillage

Tillage can alter soil bulk density, poros-
ity, aggregation, and mechanical impedance
and therefore affect root systems. It can mix
and granulate the soil, eradicate or control
plants, incorporate plant residues and chemi-
cals, and establish desired surface configura-
tion and degree of compactness for root growth
(Gill and Vanden Berg, 1967). Kaspar et al.
(1991) found that a no-till system produced
higher bulk density than chisel-plow or ridge-
till systems. According to Bauderet al. (1981),
reduced or no-till systems could lead to an
increase in the development of root-restricting
soil layers in a clay loam soil. Voorhees (1983)
hypothesized that increased bulk density in a
no-till system could be an effect of incomplete
amelioration of compacted soil over the win-
ter.

The effect of tillage on root distribution
system is variable. Kaspar et al. (1995) ob-
served no significant differences in root length
density between no-till, ridge-till, and chisel-
plow systems. Baligar et a). (1996) obtained
greater root length per plant and root density in
silage com in a no-till system than in aconven-
tional-till system. In contrast. Bauder et al.
(1985) observed that root length density in the
0- to 30-cm depth was higher in a ridge-till
system than in no-till or chisel-plow systems.
Bhagat and Acharya (1987) also found higher
root density in the root-restricting soil layer
with mulched conventional tillage than with
nonmulched conventional tillage or no-tillage
systems in a monsoonal climate. Rasse and
Smucker (1996) reported maximum root
growth for alfalfa and com in the in the upper
B, and B,; soil horizons under no-till and con-
ventional-til], respectively.

In our study on the effect of tillage on
tomato (Lycopersicon e.wulenlum Mill.) root
distribution in a Dothan sandy loam soil
(Plinthic Paleudull) in Georgia, the number of
roots/cm2 soil profile from 19.5- to 58.5-cm
depth was 65% higher in a moldboard-plowed
system than in no-till (Fig. 3): the higher root
number was attributed to less soil impedance.
However. Merrill et al. (1996) found that in
dryland cropping, root length density of spring
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Fig. 3. Tomato rool distribution at various soil depths >X> d after transplanting as affected by no-ti l l and
convenlional-Iill. 'Differences between systems significant ill P = 0.05.

wheat was 40% to I I2%higherinano-l i l l than
in a convenlional-Iill system. They attributed
this to superior moisture conservation and
cooler soil temperature in the near-surface
zone in no-till under dryland farming condi-
tions.

Tillage management assumes special im-
portance in soils with naturally dense hori-
zons. Bowen (1981) recommended plowing at
or near a soil water potential of-1.5 MPa to
shatter a compacted soil layer. The water con-
tents for clay, sandy clay loam, and loamy
sand at this water potential arc in the range of
0.35 to 0.40, 0.22 to 0.25, and 0.08 to O.IO
cnv'-cnr\ respectively (Gupta and Larson,
1979). In coarse-textured southeastern Coastal
Plains soils, com and tobacco (Nii-oiiana
tabui-um L.) formed more roots below the
compacted layer with in-row subsoiling than
without subsoiling (Vepraskas et al.. 1986;
Vepraskas and Wagger, 1990). Gary et al.
(I967) obtained increased root number and
water extraction, and doubling of alfalfa hay
yields, as a result of loosening and mixing of
B horizon of Freeman silt loam (Mollic
Palexeralf). Rosolem and Takahashi (1996)
obtained a quadratic decrease in the soybean
root growth by increasing the subsoil bulk
density of a dark Latosol (70% sand and 22%
clay) soil column from 1.06 to I.7I Mg-m •'.
However, the root growth was not completely
inhibited even at the highest bulk density.
Once roots penetrated the compacted layer,
growth was completely restored.

Traffic

Use of heavy farm machinery for tillage,
cultural operations, harvesting, and transport
causes soil compaction. The soil properties
and processes affected by soil compaction
include increased bulk density and mechani-
cal resistance, disruption of pore continuity,
and altered exchange of water, heat, and gas
(Assoulineetal.. 1997; Linn and Doran. 1984;
Wierenga el al., 1982). Large pores conduct-
ing water at lower tension are more easily
destroyed than smaller ones conduct!ng water

at higher tensions (Ankeny etal., 1990). Small
aggregates are less compacted by traffic than
are large aggregates (Logsdun et al.. I987a:
Misraetal.. I986a, I986b).

Bauderetal.(l985);mdGcrikelal.( I987)
found that (he bulk density and soil strength on
the trafficked side of a row was much greater
than on the nontrafficked side of the same row.
Kasparet al. (1995) observed that the hydrau-
lic conductivity near saturation in a Webster
silt clay loam (Typic Haplaquoll) was 39.4
and I04.7 mm-s ' in t r a f f i cked and
nontrafficked interrows, respectively. Soil
compaction from traffic is a serious problem
in no-till and ridge-till systems (Karlen, 1990).
Limiting traffic to permanent traffic lane.s is
suggested as a way of reducing compaction
(Taylor, I983). Raghavan et al. (I979) ob-
served maize root densities of 5.7 vs. <2 mg-g '
in the upper 20cm of soil with no traffic vs. IS
passes of 62-kPa tire track, respectively. Root
length density in bar\cy(Hortleititi vulgure L.)
in the top 30 cm of the soil decreased as the
number of tractor passes over the field in-
creased from zero to six (Wil la t t , 1986).
Voorhees et al. (1989) reported that compac-
tion of the subsoil with an 18-Mg axle load
decreased root growth of com below 45 cm
more lhandida<4.5-Mgaxle load. Dolanelal
(I992) observed that compaction of the sub-
soil of Webster clay loam (Typic Haplaquolls)
reduced corn P and K uptake as much as 22%
when June and Ju ly ra infa l l was less than
average.

Kaspar et al. (1991) found that root length
and root mass of corn in the 0- to IS-cm layer
of trafficked interrows was one-third and one-
half, respectively, of thai in nontrafficked
interrows. Traffic also reduced root growth in
the IS-to30-cmsoil layer, bul (hedifferences
between trafficked and nontra(Ticked interrows
were not us large as those for ()- to 15-cm
layers. Kaspar el al. (I995) reported lhal rt>ol
length density in a particular imerrosv was also
affected by traffic pattern in (he adjacent
interrows. Chaudhary and Prihar (1974) noted
that interrow compaction resulted in down-
ward movement of roots because of inhibit ion

of lateral root elongation. Hi l f ikc r and Lowers
(1988) observed thai the response ot rool
growth to wheel tracks depended on both soil
type and tillage system Bauder el al. ( l°S.si
reported that village hud a gix-aier eliixi on rom
length than did wheel traffic.

Crop rotation

Crop rotation can improve soil physical
condition by adding more biomass residue to
the soil in comparison wi th a continuous single
crop (Bullock. 1992; Havl in et al.. ls>9();
Hussainctal. . 1988: Jumaet al.. 1993). Incor-
poration of biomass results in improved soil
s t ructure (Kay , I990) and aggregat ion
(Raimbault and Vyn. I991; Van Bavel and
Schaller, 1950). lower soil bulk density (Bul-
lock. 1992: DeKimpe el al.. 19X2; Ha'geinan •
and Shrader. I979). increased waicr i n l l h r u -
tion (Jordan! and Karlen, 1993; Logsdon ei al. .
1993), higher water re tent ion capac i ty
(Hudson, 1994; Jamison. 1953). improved soil
aeration and reduced soil erosion (Bczclicek.
!984;Reganold, 1988: U.S. Dept. ol "Agr i cu l -
ture. I980). The effects of physical properties
on rool proliferation have already been de-
scribed.

Elkins (I985). Kay (I99(». and Merrill el
al. (1994) observed that including a deep-
rooted crop in the rotation increased biopores
in the soil that facilitated proliferation ol the
roots of the succeeding crop. Merrill et al.
(I996) found that spring wheat planted a l t e r
sunflower had greater rool density in n o - t i l l
than inconvenlional-till. Since the soil was not
disturbed in no-lill, in all probability, hioporcs
made by the deep rools of sunflower ren lai noil
intact for the succeeding wheat roots to recolo-
nize. thus facilitating formation of more roots
than was the case for conventional-iill Rasse
and Smucker (1996) reported that in a corn-
alfalfa succession, alfalfa roots recolonized
14% and21%ofcorn root-induced macropores
in B, horizon under conventional-iill and no-
ti l l , respectively. Root recolonization in the
B,, horizon was 17% and 18% for conven-
lional-liM and no-till , respectively.

SUMMARY

Root development in the soil is inf luenced
by soil physical properties as well us I he nal me
of horizons in the soil profile. Soils \ a ry widely
in their physical properties, and hence in then
ability to support rool growth. The presence ol
a hardpan or water table in the rool /one
impedes root growth. Roots p r o l i f e r a t e in the
soil horizons with favorable conditions. such
as high organic mailer content and abundant
biopores. Roots of different crop species ,is
well as of cultivars wi th in species d i f fer con
siderably in their ability to penetrate through
hard soil layers. Management practices, such
as tillage, iraffic. and crop rotation can i n f l u -
ence root growth by altering soil properties
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Abstract. Root distribution of 'Starkspur Supreme Delkkras' on nine apple (Mains domestica Borkh.) rootstocks grown
in two different soil types In the 1980 NC-140 Uniform Apple Regional Rootstock Trial (Michigan and Ohio sites) was
determined using the trench profile method. Based on the number of roots counted per tree, rootstocks could be separated
into five groups for the Marlette soil from most to least: MAC24 > OAR1 > M.26EMLA = M9EMLA > M.7EMLA-O J
= M.9 = MAC.9 > M.27EMLA. For the Canfield soil, rootstocks were ranked for number of roots counted from most to
least as follows: MAC24 > OAR 1 = MAC.9 = M.7EMLA > MJ6EMLA = O3 = M.9 EMLA = M.9. Root dlstrlbntion
pattern by depth was affected by soil type with roots fairly well distributed throughout the Marlette soil but restricted
primarily above the Iragipan in the Canfield soil. Two rootstocks performed differently from others fan adapting to soil
conditions at the different sites. MAC.9 had the second lowest number of total roots/dm1 hi the Marlette soil yet the second
most in the Canfield soil, while the opposite was found for M.9EMLA. Regression analysis demonstrated positive
correlations between number of roots counted and vigor and yield of the scion.

The NC-140 Technical Committee was established in 1967
with the central objective of facilitating cooperative research on
new rootstocks and their adaptability to environmental conditions
of different North America regions (Fence and Perry, 1988).
Cooperators agreed to follow the Technical Committee's planting
design and cultural guidelines for tree training and support, thin-
ning, and fertilizing as well as to collect specific data. Cooperators
were encouraged to collect additional data on specific interests
such as those reported in this study. The 1980 NC-140 Uniform
Apple Regional Rootstocks Trial consisted of' Starkspur Supreme
Delicious1 (Malus domestica Borkh.) on nine rootstocks of vary-
ing size. Rootstock vigor listed from least to most dwarfing for the
Michigan and Ohio plantings were as follows: MAC.24, M.7
EMLA, OAR1, M.26EMLA, Ottawa 3 (O.3), M.9EMLA, M.9,
MAC.9, and M.27EMLA with OAR1 being more dwarfing than
M.26EMLA and M.9 more dwarfing than MAC9 in Ohio (NC-
140, 1991).

Physical characteristics of soil have been found to influence
root growth and distribution patterns (Cockroft and Wallbrink,
1966; Oskamp, 1932; Rogers and Vyvyan, 1934; Taylor and
Gardner, 1963). Root systems may be confined to areas above
hardpans with high soil bulk densities due to the inability of roots
to penetrate them (Eavis and Payne, 1968, Greacen et al., 1968).
Knowledge of root distribution patterns under various soil condi-
tions is important to aid in rootstock selection. Trees with root
systems capable of penetrating fragipans or adapting to other
adverse soil condition, need to be identified for use in such
situations. The ability of root systems to adapt to soil environments

is important when selecting rootstocks for orchards and experi-
mental plots. Preliminary data on the overall rooting intensity and
percent distribution of root size categories was requested for
inclusion in volume 45 of Fruit Varieties Journal .which contained
summary reports of this NC-140 rootstock trial (Fernandez et al.,
1991). This paper will report on root distribution patterns, soil
characteristics of the sites and relationships between rooting
intensity, and scion vigor and yield. The objectives of this study
were to describe the root distribution pattern of nine clonal apple
rootstocks at two NC-140 trial locations with highly different soil
characteristics, determine root adaptation to soil environment,
including soil type and soil impedance, and determine the relation-
ship of scion growth and yield parameters to root system charac-
teristics.

Materials and Methods
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The 1980 NC-140 Uniform Apple Regional Rootstock Trial
consisted of 'Starkspur Supreme Delicious' propagated on nine
rootstocks. Sites located at Michigan State Univ., East Lansing and
Ohio State Univ., Ohio Agricultural Research and Development
Center, OH were used for this study based on the contrasting soil
types and conditions. Trees were planted with a 3.5 m within-row
and 5.5 m between-row spacing with north to south row orientation
and 1 m wide herbicide strip in a randomized complete block with
five single tree replicates. Trees were trained to a central leader
without support and received similar management practices at
both sites.

The soil series in Michigan was a Marlette fine sandy loam
(Fine-loamy, mixed, mesic Glossoboric Hapludalfs) moderately
well drained with moderate to moderately slow permeability
(Anonymous, 1979). The soil series in Ohio was a Canfield silt
loam (Fine-loamy, mixed, mesic Aquic Fragiudalfs) with a fragipan
60 to 70 cm below the soil surface with moderate permeability
characterizing the soil above the fragipan and poor permeability
through the fragipan (Anonymous, 1981). Soil bulk densities for
each location were determined by sampling intact soil cores of a
known volume in the trenches dug for counting roots. Soil core
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volumes were 350 and 230 cm3 for the samples from the Marlette
and Canfield soils. Ten soil cores were taken for each soil horizon
(six for Marlette and five for Canfield) within the 1.2 m from the
soil surface that corresponded to the vertical height of the root
counting frames described below. Each horizon was assumed to
have the same bulk density throughout based on field observation
and characteristics reported in the soil surveys (Anonymous, 1979,
1981). Specific information on soil characteristics can be found in
the soil surveys.

Roots were counted using the profile wall method because of
the ability to investigate root distribution with soil profile charac-
teristics (Layneetal., 1986; OskampandBatjer, 1932; Perry etal..
1983). Excavation began 9 Oct. 1989 in Ohio and 30 Apr. 1990 in
Michigan. Since the highest proportion of roots arc found within
1 m from the center of the mink of apple trees (Atkinson, 1980),
trenches were excavated with a backhoe parallel to tree rows
within the herbicide strip 0.8 m from the center of the trunks on east
and west sides of the tree. The most common range for depth of
rooting of apple is from 1 to 2 m (Atkinson, 1980), therefore, the
trenches were 1.5 to 2 m deep. Root counting frames were
constructed 1.2 m vertical height x 1.8 m wide and divided with
cotton string into mapping grid squares of 15 cm vertical height x
30 cm wide. The soil on the face of the trench was loosened an
additional 5 cm deep perpendicular to the soil profile and washed
with a high pressure water gun to expose roots. Counting frames
were placed over the washed profiles with the top level with the soil
surface and centered on the trunks. Roots were counted and sized
on corresponding paper grids as described by Layne et al. (1986)
to a depth of 1.2 m from the soil surface and 0.9 m to the north or
south of the center of the tree trunk. Roots were counted for all
surviving replicates of each rootstock (five for MAC.24, OAR 1,
M.9 EMLA, M.7 EMLA, MAC.9, M.27 EMLA and four for M.26
EMLA, O.3 and M.9 on the Marlette soil; five for MAC.24, OAR
1, M.26 EMLA, MAC.9; four for M.7 EMLA, O.3, M.9; and two
for M.9 EMLA on the Canfield soil). Roots were classified into
total roots and three size categories: less than 2 mm (small), 2 to 5
mm (medium), and greater than 5 mm in diameter (large) and
expressed per dm2 trench wall surface area. Tree height, canopy
spread, trunk cross-sectional area (TCA), yield and yield effi-
ciency were recorded as required by the NC-140 technical commit-
tee (NC-140, 1991).

Analysis of variance was conducted using the PROC GLM
procedure of the S AS statistical program (S AS Institute, Gary, N.C.).
Data from each location were analyzed separately as randomized
complete blocks. The analysis of variance for the root mapping
indicated little to no effect on root numbers due to the east or west
facing profile of the tree or due to distance north or south in the row
from the center of the trunk (data not shown), therefore, both
profiles and all distances were combined for analysis for each tree.
Data were analyzed to determine the relationship between number
and size of roots at each depth by rootstock and presented as
numbers of roots/dm2 trench wall surface area. Differences in number
of roots/dm2 by depth also were analyzed for each rootstock.

Linear regression analysis for each location was conducted
using the PROC REG procedure of the SAS statistical program to
determine the relationships between the number of roots counted
vs. vigor and yield components. Total number of small, medium
and large roots were regressed against TCA, tree height, canopy
spread, and yield data from 1989 and 10 year cumulative yield.
Regression analysis also was performed for the above compari-
sons for number of medium and large roots combined, since the
relationships with medium or large roots alone were found to have
the highest coefficients of determination (R1). Discussion of linear

regression will be concerned with models involving total roots and
those having the highest R*s.

Results and Discussion

Soil bulk densities were higher for cores taken at an average
depth of 59- to 64-cm and 103- to 108-cm compared to cores from
17 to 22cm and 33 to 38 cm for the Marlette soil with no other
differences found (Table 1). Soil cores taken at an average depth
range of 40 to 47,51 to 58 and 66 to73 cm had higher bulk densities
than the cores taken at 12 to 19 cm for the Canfield soil (Table 1).
In addition, soil cores taken at 51 to 58 cm had higher bulk densities
than those taken at 26 to 33 cm for this soil. The bulk densities
recorded for soil cores taken at the 66 to 73 cm depth range, the
location of the beginning of the fragipan, were much higher than
all other soil core depths for the Canfield soil. Although the highest
bulk densities were similar for the Marlette and Canfield soils, the
highest bulk density for the Canfield soil was reached at an average
depth range of 66 to 73 cm while the Marlette soil showed one area
of high bulk density at a depth range of 103 to 108 cm.

The nine rootstocks were ranked for rooting intensity (number
of roots per trench wall surface area) based on the total number of
roots/dm2 over all depths (Table 2) for the Marlette soil as follows:
MAC.24 > OAR 1 > M.26EML A = M.9EMLA > M.7EML A = 0.3
= M.9 = MAC.9 > M.27EMLA. For the Marlette soil, rooting
intensity regardless of root size category generally followed the
same order as for tree vigor except M.7EMLA which was ranked
lower and M.9EMLA which was ranked higher in total number of
roots/dm2 than their tree vigor ranking.

Rootstocks were ranked according to rooting intensity based on
the total number of roots/dm2 over all depths (Table 2) for the
Canfield soil as follows: MAC.24 > OAR 1 = MAC.9 = M.7EMLA
> M.26EMLA = O.3 = M.9 EMLA = M.9. Trees on M.27EMLA
were not included in the root mapping of the Ohio site since all but
one replicate died before excavation due to severe winter frost
heaving that exposed the root system and resulted in root injury and

Table 1. Depth and bulk density of soil horizons of the Marlette and
Canfield soils. Soil core volume was 350 and 230 cmj in the Marlette
and Canfield soils, respectively. Depth to the top and bottom of the soi I
core was measured from the soil surface.

Soil
horizon

Ap
B&A
B21t
B22t
Cl
C2
LSD1

Ap
2Btl
2BU
2Bt2
2Btxl
LSD*

Depth of
horizon

(cm)1

0-28
36-51
51-67
67-86
86-106
106-153

0-20
30-53
30-53
53-65
65-100

. .Depth from top to
bottom of core E
sample (cm)

Marlette soil
17-22
33-38
59-64
82-87

103-108
127-132

Canfield soil
12-19
26-33
40-47
51-58
66-73

lulk density of core
sample (g-cnr-")

.38

.40

.55

.50

.58

.50
0.14

1.40
1.41
1.46
1.48
1.61
0.06

'Depth of soil horizons as reported in Anonymous (1979, 1981).
"LSD at P = 0.05.
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Table 2. Average number of roots/dm2 over all depths for total roots and each size category for the Marlette and Canfield soils.

Marlette soil
Rootstock

MAC.24
OAR 1
M.26 EMLA
M.9 EMLA
M.7 EMLA
O.3
M.9
MAC.9
M.27 EMLA
LSD2

Total

5.01
3.65
3.07
2.81
2.17
2.02
1.88
1.76
1.48
0.30

Small

4.75
3.38
2.93
2.69
2.04
1.91
1.79
1.68
1.42
0.29

Medium

0.15
0.19
0.10
0.08
0.08
0.08
0.06
0.07
0.05
0.02

Large
Roots/dm2

0.11
0.08
0.04
0.04
0.05
0.03
0.03
0.01
0.01
0.02

Total

4.36
2.86
2.13
1.64
2.41
2.07
1.62
2.73
—

0.55

Canfield soil

Small

3.89
2.56
2.02
1.49
2.18
1.86
1.50
2.58
-_.

0.50

Medium

0.29
0.21
0.07
0.10
0.14
0.12
0.08
0.11

—0.05

Large

0.18
0.09
0.04
0.05
0.09
0.09
0.04
0.04

—
0.03

ZLSD at P = 0.05 comparing rootstock for each size category.

subsequent death (Warmundetal., 1991). As in the Marlette soil, rooting
intensity for all root size categories followed the same ranking as for tree
vigor except M AC.9 was ranked higher than expected for rooting
intensity when compared to tree vigor ranking.

Root distribution throughout the soil profiled showed different
patterns for rootstocks and soil types (Figs. 1 and 2). For the
Marlette soil, total and small roots/dm2 were fairly evenly distrib-
uted by depth (Fig. 1 A and B) with a moderate decrease in roots/
dm2 at the lowest depths with the exception of M.26EMLA, which
showed an increase for the lowest depths. Most rootstocks, except
MAC.24, MAC.9 and M.26EMLA, showed a slight increase in
number of total and small roots/dm2 at the IS to 30 cm depth
compared to the 0 to IS cm depth. Medium roots/dm2 showed a
large decrease in number from the 30 to 45 cm depth and below and
large roots/dm2 from the 15 to 30 cm depth and below (Fig. 1C and
D). Only the most vigorous rootstocks, MAC.24, OAR1 and
M.26EMLA, had an average number of large roots/dm2 below the
15 to 30 cm depth that was significantly greater than zero.

The root distribution pattern for total roots/dm2 in the Canfield
soil was much more consistent across rootstocks (Fig. 2). All
rootstocks showed a gradual decrease in number of total roots/dm2

from the 0 to 15 cm depth to the 45 to 60 cm depth with a
considerable decrease subsequently (Fig. 2A). There was up to an
order of magnitude difference in roots in the depths above the 60
to 75 cm range compared to the depths from 60 to 75 cm and below.
The depths from 60 to 75 cm and below roughly correspond with
the location of the fragipan in the Canfield soil (Anonymous, 1981;
Table 1). The same root distribution pattern was seen for small,
medium and large roots/dm2 as for total roots/dm2 except for each
larger root size category roots were restricted to shallower portions
of the profile (Fig. 2 B and D). For small roots/dm2 the pattern was
identical to total roots/dm2 with a large decrease from 60 to 75 cm
and below (Fig. 2B), for medium roots/dm2 there were virtually no
roots from 45 to 60 cm depth and below, for most rootstocks (Fig.
2C) For large roots/dm2 almost no roots were found from the 15 to
30 cm depth and below in most instances (Fig. 2D). MAC.24
typically maintained a higher number of roots/dm2 to a greater
depth than the other rootstocks while M.26EMLA, M.9EMLA,
M.9 and MAC.9 usually had very sparse rooting below 45 cm, with
the others intermediate.

Although statistical comparison between the two soil types
cannot be conducted, the difference in ranking of the rooting
intensity of the rootstocks can be used to estimate relative perfor-
mance at the two locations. MAC.9 and M.9EMLA switched
ranking for the two soil types. MAC.9 had the second lowest

number of roots/dm2 per tree in the Marlette soil, ahead of
M.27EMLA only, yet the second highest in the Canfield soil,
similar to OAR1 (Table 2). M.9EMLA was in the third highest
grouping of number of roots/dm2 per tree behind OAR1 in the
Marlette soil but had the fewest roots/dm2 per tree in the Canfield
soil. Rooting intensity of M.7EMLA was ranked lower for the
Marlette soil than the Canfield soil. This suggests adaptation of
MAC.9 to heavy soils with M.9EMLA performing better in the
Marlette soil and M.7EMLA performing poorly in the Marlette
soil with the other rootstocks not affected by soil type as far as total
number of roots.

Although rootstock affected number of roots/dm2 and depth of
rooting, the soil environment had more influence on the root
distribution pattern by depth. Depth of rooting was restricted by the
fragipan in the Canfield soil and most roots were in soil layers
above 60 cm since highly compacted pans present a physical
barrier that severely limit root penetration (Eavis and Payne, 1968;
Greacen et al., 1968). Between 91 % and 94% of the total roots/dm2

were located in the 0 to 60 cm depths for trees in the Canfield soil.
The high percent of roots closer to the soil surface in the Canfield
soil likely was caused by soil restriction of rooting volume.
Increases in percent of root in regions closer to the soil surface in
soils that restrict rooting volume has been observed for several fruit
crops (Cockroft and Wallbrink, 1966; Oskamp, 1932). There was
no such restriction to root distribution in the Marlette soil and roots
were distributed fairly evenly throughout the soil profile with a
moderate decrease in roots/dm2 with depth and, in some cases, no
decrease until the lowest depth measured. Between 55% and 68%
with an average of 60% of die total roots/dm2 were found in the 0
to 60 cm depths for trees in the Marlette soil. Soil texture also may
be involved since Rogers and Vyvyan (1934) found an increase in
total weight of four Mailing apple rootstock root systems from a
heavy clay to a light sand to a loam. Several authors have found a
rootstock soil interaction for various tree crops with rootstocks
performing differently under the diverse soil types (Cockroft and
Wallbrink, 1966; Greacen etal., 1968;Irizarryetal., 1981;Mikhail
and El-Zeftawi, 1978; Oskamp and Batjer, 1932; Rogers and
Vyvyan, 1934). This confirms the observation of this study regard-
ing MAC.9 and M.9EMLA adaptation to soil environment.

Regression analysis showed strong positive correlations be-
tween number of roots (total roots and all size categories) vs. TCA,
tree height and canopy spread (P < 0.001) but not yield in 1989 nor
cumulative 10-year yield for the Marlette soil. The highest R2s
were obtained when large roots were used for the regression
analysis for trees in the Marlette soil. The models for total roots and
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Fig. 1. Number of roots/dm1 for each depth for the Marleue soil for total (A), small (B), medium (C), and large (D). LSD at P = 0.05 for comparison of rootstocks within
depth for A and B CUSD identical for A and B), C, D, respectively: 0.90,0.09,0.07 for 0 to 15 cm and 15 to 30 cm; 0.80,0.07,0.04 for 30 to 45 cm; 0.80,0 06.0.03
for 45 to 60 cm; 0.70,0.06.0.03 for 60 to 75 cm; 0.70,0.04,0.03 for 75 lo 90 cm; 0.90.0.05.0.03 for 90 to 105 cm; 0.70.0.06,0.02 for 105 to 120 cm. LSD at P = 0.05
for comparison of depth wilhin rootstock: 1.3 for MAC.24 (•); 0.9 for OAR 1 (•); 1.0 for M.26EMLA (A); 0.7 for M.9EMLA (O); 0.6 for M.7EMLA (O) and O.3
(A); 0.5 for M.9 (light diamond ) and MAC.9 (dark diamond ); and 0.4 for M.27EMLA (+).
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Fig. 2. Number of roots/dm2 for each depth for the Canfleld soil for total (A), unall (B), medium (C). and large (D). LSD at P = 0.05 for comparison of rootstocks within depth
for total (A), small (B), medium (C) and large (D) roots/dm3 respectively: 2.40,2.20,0.22.0.12 for 0 to 15 cm; 1.50,1.40, .015,0.12 for 15 to 30 cm; 0.90.0.80.0.10,0.07
for 30 to 45 cm; 0.70.0.70.0.08.0.OS for 45 Io60 cm; 0.40,0.40,0.06,0.03 for60 to 75 cm; 0.10.0.20.0.02,0.02 for 75 to 90cm;0.10,0.10.0.02.0.01 for 90 to 105cm;
0.10,0.10,0.02,0.02 for 105 to 120 cm. LSD at P-0.05 for compuijon of depth within rootstock: 1.3 for MAC.24(B);0.9forOAR 1 (•); 1.0 for M26EMLA (A); 0.7
for M.9EMLA (D); 0.6 for M.7EMLA (O) and O.3 (A); 0.5 for M.9 flight diamond ) and MAC.9 (dark diamond ).
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Table 3. Relationship between total root number and root size category having the highest coefficient of determination vs. scion
vigor and yield for all rootstocks.

y Parameter x Parameter Equation P value

Trunk cross-sectional area (cm1)

Tree height (m)

Canopy spread (m)

Trunk cross-sectional area (cm1)

Tree height (m)

Canopy spread (m)

1989 Yield (kg)

10-Year cumulative yield (kg)

Total roots
Large roots
Total roots
Large roots
Total roots
Large roots

Total roots
Medium and large roots
Total roots
Medium and large roots
Total roots
Medium and large roots
Total roots
Medium and large roots
Total roots
Medium and large roots

Marlette soil
y= 13.504+ 0.039x 0.39 0.001
y= 18.430 + 1.880x 0.61 0.001
y= 199.932 + 0.076x 0.29 0.001
y = 2.009 + 0.036x 0.45 0.001
y= 195.213+ 0.064x 0.24 0.001
y= 2.043 + 0.030x 0.37 0.001

Canfield soil
y= 26.076 +0.617x 0.36 0.001
y= -43.698 + 7.789x 0.65 0.001
y= 1.949 + 0.001x 0.28 0.001
y= 1.752 + 0.014x 0.58 0.001
y= 2.702 +0.001 x 0.08 0.090
y= 2.251+0.01 Ix 0.42 0.001
y= 14.199+ 0.036X 0.22 0.005
y= 4.173+ 0.516x 0.54 0.001
y= 98.498 + 0.090x 0.23 0.005
y= 80.809+ 1.209x 0.48 0.001

Table 4. Relationship between number of combined medium and large roots vs. scion vigor and yield for M.7 EMLA and relationship between small
roots vs. combined medium and large roots for all rootstocks.

y Parameter x Parameter Equation P value

Small roots
M.7EMLA small roots

M.7EMLA TCA (cm2)
M.7EMLA tree height (m)
M.7EMLA 1989 Yield (kg)
M.7EMLA
10- Year cumulative yield (kg)
Small roots
M.7EMLA small roots

Medium and large roots
M.7EMLA medium and large roots

Medium and large roots
Medium and large roots
Medium and large roots

Medium and large roots
Medium and large roots
M.7EMLA medium and large roots

Marlette soil
y= 21 2.700 +13.760X
y = 433.890 + 7.430x

Canfield soil
y= 166.620 -0.691x
y= 8.033 -0.043x
y= 226.1 10- 1.461*

y = 486.280 - 2.486x
y = 440.180 + 5.945x
y = 2593.900- 17. 173x

0.73
0.94

0.95
0.98
0.97

0.99
0.49
0.73

0.001
0.010

0.010
0.010
0.010

0.010
0.001
0.050

large roots vs. TCA, tree height and canopy spread for the Marlette
soil are shown in Table 3. All linear regression models between
number of roots (total roots and all size categories) vs. TCA, tree
height, canopy spread, 1989 yield and 10-year cumulative yield for
trees in the Canfield soil were highly significant (P < 0.01) except
for total and small roots vs. canopy spread. Maximum R2 values
were found for medium or large roots vs. the vigor and yield
parameters for trees in the Canfield soil. These two categories were
analyzed together as combined medium and large roots and were
compared with the vigor and yield components listed above. The
K*s for combined medium and large roots were higher than for
medium or large roots alone for trees in the Canfield soil. Regres-
sion models for total roots and combined medium and large roots
vs. vigor and yield parameters for the Canfield soil are shown in
Table 3.

Scion vigor and the intensity and extensiveness of the root
system has been shown to be positively correlated for many apple
rootstocks (Atkinson, 1980; Avery, 1970; Coker, 1958; Rogers
and Vyvyan, 1934). The positive relationship found for TCA, tree
height, and canopy spread of the scion vs. number of roots counted
demonstrates that tree vigor can be used to give a rough estimate
of root system size of these rootstocks with the exception of

M.7EMLA for these soils. The higher correlation coefficients with
medium and large roots could reflect their longevity, which may
indicate a cumulative measure of root system size in the same way
that TCA, tree height, and canopy spread reflect a cumulative
measure of the above ground portion of the tree, whereas, a
substantial proportion of the small roots may die (Smucker, 1984).

Linear regression analysis showed a positive correlation be-
tween 1989 yield and cumulative yield vs. the number of total roots
counted for the Canfield soil. The R!s were much higher for 1989
yield and cumulative yield vs. combined medium and large roots
in the Canfield soil than for total roots (Table 3). The higher
correlation between medium and large roots with yield parameters
in the Canfield soil may be related to over-winter carbohydrate
storage in these roots as larger roots are more likely to over winter
and store larger amounts of carbohydrates than small roots (Kramer
and Kozlowski, 1979; Abod and Webster, 1991). Also, the contri-
bution of older roots to water and nutrient uptake during the
summer and early fall can be substantial when water demand is
highest, when new root growth lowest and there is a high fruit
growth rate (Atkinson, 1980; Rom, 1987). No significant correla-
tion was found for yield parameters and root numbers in the
Marlette soil. This may be due to a smaller percentage of medium
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and large roots compared to small roots in the Marlette soil than the
Canfield soil (Fernandez et al., 1991).

It was noticed that M.7EMLA displayed a negative slope on
most of the regression lines where all rootstocks were included.
Therefore, individual rootstocks were subjected to regression
analysis for total roots and all size categories vs. growth and yield
parameters. All rootstocks were found to have a positive or
nonsignificant relationship individually (data not shown) except
M.7EMLA. A strong negative relationship was found for
M.7EMLA between TCA, tree height, 1989 yield, and 10 year
cumulative yield compared with root data for the Canfield soil.
Maximum R2 was found for growth and yield parameters vs.
combined number of medium and large roots (Table 4). Negatives
slopes also were detected for tree height, canopy spread and 1989
yield vs. combined medium and large roots for the Marlette soil,
although the relationships were not significant (data not shown).

As a result of these findings, the relationship between the
number of small roots to number of combined medium and large
roots was examined for all rootstocks combined and individual
rootstocks. For all rootstocks combined, there was a significant
positive relationship between the number of small roots vs. com-
bined medium and large roots. The same results were obtained for
regression analysis of individual rootstocks except M.7EMLA,
which displayed a strong negative correlation in the Canfield soil
but a positive correlation for the Marlette soil (Table 4).

The highly significant negative correlations found in the Canfield
soil for M.7EMLA between combined medium and large roots vs.
TCA, tree height, 1989 yield, cumulative yield and small root
number may indicate a strong competition for carbohydrates
between the medium and large roots and the rest of the plant. The
positive relationship between combined medium and large roots
vs. small roots over all rootstocks demonstrates a balanced root
system. The strong negative correlation between combined me-
dium and large roots vs. small roots for M.7EMLA in the Canfield
soil indicates an unbalanced root system under these soil condi-
tions.

The negative relationship between combined medium and large
roots vs. small roots observed for the Canfield soil may explain
observations of poor anchorage, leaning, and an asymmetric root
system of M.7EMLA under certain situations (Ferree and Carlson,
1987). Medium and large roots accounted for only 8% of the root
system for M.7EMLA in the Canfield soil (Fernandez et al., 1991)
but with an increase from -75 to 105 medium and large roots, there
was a decrease from approximately 1150 to 650 small roots, i.e.,
for each increase of one medium or large root there was a decrease
of 17 small roots. This large reduction in the number of small roots
with a slight increase in medium and large roots could explain poor
anchorage of M.7EMLA under circumstances where more larger
roots are produced.

The greatest effect on the total number of roots/dm2 over all
depths was due to rootstock. Rootstocks were similar at both soil
types with respect to the total number of roots/dm2 and small roots/
dm2 over all depths with only three rootstocks exhibiting differ-
ences due to soil type. MAC.9 formed more roots/dm2 than
expected when compared to tree vigor in the Canfield soil and had
a higher relative ranking than in the Marlette soil. M.9EMLA
formed more roots/dm2 than expected when compared to tree vigor
in the Marlette soil and had a higher relative ranking than in the
Canfield soil. M.7EMLA formed fewer roots/dm2 than expected
when compared to tree vigor in the Marlette soil and a lower
relative ranking than in the Canfield soil.

The overall size of the root system appeared to be controlled by
the genotype while the root distribution pattern was affected by the

soil environment. An even distribution of roots or moderate
decrease in the number of roots/dm2 with greater depths was
observed for trees in the lighter fine sandy loam (Marlette) but a
restriction of most roots above the fragipan was seen for trees in the
heavier silt loam (Canfield). The soil volume available to the root
systems of trees in this study was greatly reduced in the Canfield
soil by the fragipan. Additionally, up to twice as many roots/dm2

were present in the zone above the fragipan in the Canfield soil than
at the same depths for the Marlette soil. Plants with large root
systems restricted to small soil volumes, such as was found for
MAC.24 in the Canfield soil, are likely to respond differently to
environmental conditions or imposed treatments compared to the
same plants with unrestricted soil volumes. The combination of a
high root density in a shallow soil volume could alter plant
response to soil stresses such as flooding or drought stress by more
rapid depletion of soil water and gases. Positive relationships were
found for vigor and yield parameters compared with number of
roots for all rootstocks except M.7EMLA where a possible com-
petitive effect was found between vigor, yield, and small roots vs.
combined medium and large roots. Based on relative ranking of
rooting intensity for the two soil types M.9EMLA, MAC.9, and
M.7EMLA were affected by soil type. It is important to consider
the ability of plants to alter root distribution patterns without
apparent reductions in the overall size of the root system in
response to changes in the soil environment as found in this study
when selecting rootstocks and management systems both for
orchardists and researchers.
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